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INTERNATIONAL SEARCH REPORT International application No. 

PCT /US20 I 0/046106 . . 

A. CLASSIFICATION OF SUBJECT MATTER' 
., 

· Int.Cl. 

H04L 27128. (2006.0 I) H04J ll/00(2006.01) 
1/04B 7104 (2006.01) H04K 1110 (2006.01) 

According to lntemational Patent Classification (IPC) or to b·oth ·national classification and IPC 

B. FIELDS SEARCHED 

Minimum docm:nentation sear~hed (classification system followed by classification symbols) 

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used) 
EPODOC, WP!: mimo, mis·o; ofdm, m·ultiple antenna, first, second .stream, insert, embed, overlap, replicat, pilot and similar terms. 
INSPEC: mimo, miso, ofdm, multip.le antenna, first stream; second stream, insert, embed, overlap, replicat, pilot and s imilar terms. 
GOOGLE, GOOGLE SCHOLAR: mimo, • ofd~ , first, second (insert or embed or overlap), stream, oilot • 

C. DOCUMENTS CONSrDERED TO BE RELEVANT 

Category"' Citat ion of document, with indication, where appropriate, of the relevant'passages Relevant to 
claim No. 

US 7778337 B2 (TONG et al.) 17 August 20 10 
A . Abstract; Col. 4 line 12-Col. 6 line 21 1-20 

US 7397862 B2 (OUY ANG et al.) 8 July 2008 
A Abstract; Col. 1 line 64-Col. 2 line -I 9 1-20 

US 2002/0 I 223 81 Al (WU· et al.) 5 September 2002 
A Abstract; P aras [00 11 ]-[00 I$) 1-20 

□ Further documents are listed in the contin~ation of Box C:: [K] See patent family annex 

• Special -categories of cited documents: 
"A" document defining the gene ral state of the 1111 wh_ich is -r· lacer docume1i1 published after.the in1ema1ional filing date or priority-date and not in 

not considered to be of particular relevance- conflict with the application btit citeil to understand the principle or theory 
underlying the invention 

"E• earlier app.lication or patent but published on or after lhe •1x• document of particular relevam:e; the claimed. invention cannot be coil~idered' novel 
intcmational filing ilatc • or CJl!lnot be considered to involve ari inveniive step when the document is· take!) 

alone 
."L"' document which may throw doubts ·on priority claim(s) "Y" document of particular relevance: the claimed invention cannot he considered to 

or which is cited to establish the. publication date of involve an inventive step when the document is combined with one or more other 
1111other citation or other speci3! reason (as specified)" such documents, such combination .being obvious to a person skilled in the an 

••o·· document referring to ah oral disclosure, use, exhibition .. 8?" document mein.ber of the same patent family or oiher means 
"P~ document published prior to the intcmatioolll filing d_atc 

\ 

• but later than the orioritv date claimed 

• Date of the actual completion of the international search Date of mailing of the international search report 
0 9 NOV 2010 . 03 November 20 I 0 

Name and mailing addrcss·_o fthe ISA/AU_ Authorized officer 

AUSTRALIAN PATENT OFFICE 
JUZE~ K.HANBHAl 

PO BOX 200, WODEN ACT 2606, AUSTRALIA AU~TRALIAN PATENT .OFFICE 
E-mail address: pct@ipaustralia.gov.au (ISO 9001 Quality Certified Service) 
Facsimile No. +6126283 7999 Telephone No : +6126283 2176 

Form PCT/ISA/210 (second sheet) (July 2009) 
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INTERNATIONAL SEARCH REPORT 

Iofonnation on patent family members 

International ap~lication No. 

PCT /US2010/046 l 06 

This Annex lists the known "A" publication level patent family members relating to the patent documents cited in the 
above-mentioned international search report. The Australian Patent Office is in• no way liable for these particulars 
which are merelv.Q.iven for the purpose ofinfonnation. 

Patent Document Cited in Patent Family Member .. 

Search Report 

us 7778337 CN 1605172 CN IOI 1.88597 EP- 1442549 

us 2003072254 us 72485,59 us 2007253324 

us 7545734 us 2007053282 us 200922589) 

US - 2010271930 WO 03034644 

u~ 739786:t us 2007086538. 
· -

us 2002/01223 8 I CA 2351140 CA .2355433 EP 1185001 

EP · l 185048. EP 1686703 us 6850481 

us • 2002122383 us 6985434 us 2002122382 

us 700993 1 us 2002041635 us 7233625· 

us 2006104196 us 7336601 us 2007414408 

us 7403570 us 2008002568 us 7688710 

us 2007036069 us 7_801019 

Due to data integration issue~ this family -listing may not include IO digit Australian applications filed since May 200 I. 

END OF ANNEX 
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P215801 WO01 

PCT REQUEST 

0 For receiving Office use only 

0-1 International Application No. 

0·2 International Filing Date 

0-3 Name of receiving Office and "PCT 
International Application" 

0-4 Form PCT/RO/101 PCT Request 

0-4 -1 Prepared Using 

0-5 Petition 

The undersigned requests that the 
present international application be 
processed according to the Patent 
Cooperation Treaty 

0·6 Receiving Office {specified by the 
applicant) 

0-7 Applicant's or agent's f ile reference 

I Title o f Invention 

II Applicant 
11-1 This person is 

11-2 Applicant for 

11·4 Name 

11 -5 Address 

11·6 State of nationality 

11•7 State of residence 

111-1 Applicant and/or inventor 
111-1-1 This person is 

111-1-2 Applicant for 

111·1· 4 Name {LAST, First) 

111·1·5 Address 

111·1 ·6 State of nationality 

111· 1 • 7 State of residence 

1/4 

Original (for SUBMISSION ) 

PCTtUS l 0/46 106 

20 AUG 2010(20.08.2010) 

RO/US 

PCT-SAFE [EASY/ EFS-We b mo de] 
Versio n 3 . 51 . 045 . 221 MT/ FOP 
20100401 / 0.20. 5 .18 

United States Patent and Trademark 
Offi ce (USPTO) (RO/ US) 
P215801WO01 
INSERTING AND DECODING REPLICATED DATA 
SYMBOLS IN WIRELESS COMMUNICATIONS 

Appl.icant only 
All des i gnated States e x cept us 
THE BOARD OF REGENTS OF THE UNIVERSITY 
OF TEXAS SYSTEM 
201 W. 7th Street 
Austin , Texas 78701 
United States o f Americ a 
us 
us 

Appl.icant and inventor 
us onl.y 
ALI, Yazdan Panah 
502 Elmwood Pl.ace 
#101 
Austin , Texas 7 8 7 05 
Un ited States of America 
IR 
us 
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P215801WO01 

PCT REQUEST 

111-2 
111-2-1 

111·2·2 

111-2·4 

111-2-5 

111-2-6 

111·2·7 

IV-1 

IV-1-1 

IV-1-2 

IV-1-3 

IV-1-4 

IV-1-5 

IV-1-S(a 
) 

IV-2 

IV-2-1 

V 

V-1 

Vl-1 

Vll-1 

Applicant and/or Inventor 
This person is 

Applicant for 

Name (LAST, Firs1) 

Addrezs 

State of nationality 

State of residence 

Agent o r common representative; or 
address for correspondence 
The person identified below is hereby/ 
has been appointed to ac1 on behalf of 
1he applicant(s) before the competent 
International Authorities as: 

Name 

Address 

Telephone No. 

Facsimile No. 

e-mail 

E-mail authorization 
The receiving Office, the International 
Searching Authority, the International 
Bureau and the International Prel iminary 
Examining Authori1y are authorized to 
use this e-mail address. if the Office or 
Authority so wishes, to send notifications 
issued in respect of this international 
application: 

Additional agent(s) 

Name(s) 

DESIGNATIONS 
The filing of this request constitutes 
under Rule 4.9{a), the d esignation of 
all Contracting States bound by the 
PCT on the international filing date, 
for the grant of every kind of 
protection available and, where 
applicable, for the grant of both 
regional and natlonal patents. 

Priority Claim 

International Searching Authority 
Chosen 

2/4 

Original (for SUBMISSION ) 

Applicant and inventor 
US on1y 
HEATH, JR., Robert W. 
2143 Barton Hi11s Drive 
Austin, Texas 78704 
United States of America 
us 
us 

Agent 

DORSEY AND WHITNEY LLP 

I:P Docket - SE 
701 Fifth Avenue , Suite 6100 
Seatt1e, Washington 98104-7043 
United States of America 
206- 903- 8800 
206-299-9288 
ipdocket-se@dorsey.com 
as advance copies followed by notifi­
cations 

additiona1 agent(s) with same address as 
first named agent 
BULCHIS , Edward W. (26847); 
MEIKLEJOHN,Pau1 T. (26569); PARK,Brian 
C. (45519) ; ENG, Kimton N. (43605); 
STEWART,Douglas(51060); BROWN,James 
Fearon(60837); MEYER,Ryan(61435); 
LANE,Jennifer M. (51916) 

NONE 
Australian Patent Office (ISA/AU) 
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PCT REQUEST 

VIII Declarations 
Vlll-1 Declaration as to the identity of the 

inventor 
Vlll-2 Declaration as to the applicant's 

entitlement, as at the international filing 
date, to apply for and be granted a 
patent 

Vlll-3 Declaration as to the applicant's 
entitlement, as at the international filing 
date, to claim the priority o f the earlier 
application 

Vlll-4 Declaration of inventorship ( only for the 
purposes of the designation of the 
United States of America) 

V lll-5 Declaration as to non-prejudicial 
disclosures or exceptions to lack of 
novelty 

IX Check list 
IX-1 Request (including declaration sheets) 

IX-2 Description 

IX-3 Claims 

IX-4 Abstract 

IX-5 Drawings 

IX-7 TOTAL 

Accompanying Items 
IX-8 Fee calculation sheet 

IX-20 Rgure of the drawings which should 
accompany the abstract 

IX-21 Language of filing of the international 
application 

X-1 Signature of applicant, agent or 
common representative 

X-1-1 Name (LAST, First) 

X-1·2 Name of signatory 
X-1-3 Capacity 

3/4 

Original (for SUBMISSION ) 

Number of declarations 

-
-

-

-

-
Number of sheets Electronic file(s) attached 

4 ✓ 

21 -
4 -
1 ✓ 

7 -
37 

Paper document(s) attached Electronic file(s) attached 

✓ -
1 

Engl.ish 

/Jennifer M. Lane 51916/ 

LANE , Jennifer M. 
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P215801 WO01 

PCT REQUEST 
4/4 

Original (for SUBMISSION ) 

FOR RECEIVING OFFICE USE ONLY 

10-1 Date of actual receipt of the 
purported international application 

10-2 Drawings: 

10-2· 1 Received 

10·2·2 Not received 
10-3 Corrected date of actual receipt due 

to later but timely received papers or 
drawings completing the purported 
international application 

10-4 Date of timely receipt of the required 
corrections under PCT Article 11(2) 

10-5 International Searching Authority ISA/AU 
10-6 Transmittal of search copy delayed 

until search fee is paid 

FOR INTERNATIONAL BUREAU USE ONLY 

11-1 Date of receipt of the record copy by 
the International Bureau 

20-08-2010 

20 AlJG20 10 
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To: 
From: 

ipdocket-se@dorsey.com,IPDocket_SE@dorsey.foundationip.com,pogson.phoebe@dorsey.com 
PAIR_ eOfficeAction@uspto.gov 

Cc: PAI R_eOfficeAction@uspto.gov 
Subject: Private PAIR Correspondence Notification for Customer Number 27076 

Feb 24, 2012 05:28:32 AM 

Dear PAIR Customer: 

DORSEY & WHITNEY LLP 
INTELLECTUAL PROPERTY DEPARTMENT 
Columbia Center 
701 Fifth Avenue, Suite 6100 
SEATTLE, WA 98104-7043 
UNITED STATES 

The following USPTO patent application(s) associated with your Customer Number, 27076 , have 
new outgoing correspondence. This correspondence is now available for viewing in Private PAIR. 

The official date of notification of the outgoing correspondence will be indicated on the form PTOL-90 
accompanying the correspondence. 

Disclaimer: 
The list of documents shown below is provided as a courtesy and is not part of the official file 
wrapper. The content of the images shown in PAIR is the official record. 

Application 
12999029 

Document 
NTC.PUB 

Mailroom Date 
02/23/2012 

Attorney Docket No. 
P215801 .WO-US.01 

To view your correspondence online or update your email addresses, please visit us anytime at 
https ://sportal. uspto .gov/secu re/myportal/privatepair. 

If you have any questions, please email the Electronic Business Center (EBC) at EBC@uspto.gov 
with ·e-Office Action· on the subject line or call 1-866-217-9197 during the following hours: 

Monday - Friday 6:00 a.m. to 12:00 a.m. 

Thank you for prompt attention to this notice, 

UNITED STATES PATENT AND TRADEMARK OFFICE 

PATENT APPLICATION INFORMATION RETRIEVAL SYSTEM 
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Doc code: IDS . . PTO/SBI08a (01-10) 
Doc description: Information Disclosure Statement (IDS) Field Approved for use through 07/3112012. 0MB 0651-0031 

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE 
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid 0MB control number. 

Application Number 12/999,029 

INFORMATION DISCLOSURE Filing Date December 14, 2010 
STATEMENT BY APPLICANT I Ali Yazdan Panah (Not for submission under 37 CFR 1.99)· First Named Inventor 

Art Unit 2611 

Examiner Name I Shuwang Liu 

Attorney Docket Number P215801 .WO-US.01 

U.S.PATENTS 

Examiner Cite Kind Name of Patentee or Pages, Columns, Lines, Where 

Initial* No Patent Number Code1 Issue Date Applicant of cited Document Relevant Passages or Relevant 
Fiqures Aooear 

US-651929682 Feb 11 ' 2003 Hladik 
US-752268282 Aor21 , 2009 Obemosterer et al. 

FOREIGN PATENT DOCUMENTS 
Pages.Columns.Lines where T 

Name of Patentee Relevant Passages or s 

Examiner Cite Foreign Country Kind Publication or Applicant of Relevant Figures Appear 

Initial* No Document Code2 Code4 Date cited Document 
Number3 

NON-PATENT LITERATURE DOCUMENTS 

Examiner Cite Include name of the author (in CAPITAL LETTERS), title of the article (when appropriate), title of the r5 
Initials* No item (book, magazine, journal, serial, symposium, catalog, etc.), date, page(s), volume-issue 
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PERFORJ\:fAN CE ANALYSIS OF SPACE-TIJ\:IE BLOCK CODES IN 
Til\tIE-VARYING RAYLEIGH :FADING CHANN ELS 

Ilyimsoo Cheon and Daesik Hong 

Information & Telecommunications Lab 
D~pl:. of Eleetricul/Ekctronic Engineering, Yonsei University 

134 Shind1011dong Seoda.eumngu, Seoul, 120-749, Korea 
e-mail: hscheon1Jcatseye.yonsei..ac.kr 

ABSTRACT 

In this paper, we provide the perforrrn.1uce u-nalvsis of 
pi.lot symbol assisted modulation (PSAM) for ·trans­
mit diversity with space-time block codes (STBO) in 
t ime-varying Rayleigh fading channels. For the perfor­
mance evaluation, the a.verage bit error rnte of trn.rn;niit 
diversity with STBC is derived when the channel esti­
mt,tion error exists. Using t.he result, the ,werage BER 
in ti1:ne-va,rying <:haonels is evaluated when the PSAIVI 
is tm:iploycd . 

1. INTRODUCTION 

The tran:-;mit diven;ity scheme, wl1ich is also knowH 
as spac0-time block codes (STBC), has been proposed 
by Alamouti [1], and it is one of the most simple and 
efficient ways to exploit full divers.itr in wirele...<;£ dwn­
nels. Particularly, the STBC provicl~ the full cliversitv 
when it is ha.rd to equip more than one receive ante11ua; 
due to physical constra.ints, such as the cost of multi­
ple RF down-converters, ,Hi<iit ional power consumpi;ion 
and size limitations. 

To e:x.ploit the STBC in mobile commuHications, 
rapid fading is an inevitable impediment, which causes 
im irredl1cible error floor. To suppress the error floor , 
pilot symbol assisted modulation (PSAM) is one of the 
most likely solution [2]. 

In PSAiv1, the pilot symhol is inserted periodically 
in order to ernible t.he coherent deteetion. Moreover. 
to detect the symbols rnceived from multiple 1'x an~ 
tmma~, the minimum n1Hnher of pilot symbols per one 
Tx antenna is equal to the number of Tx antennas. In 
this case, the received pilot symbols may lose consiH·· 
tency due to rnpid fa.ding , and the estimated channel 
responses may lrnrm t.he orthogonality of the received 
STEC symbols. 

This work is suppo1tt'd by r,. grant from th€' Brain Kornn 
(BK) 21 program a.nd pnpuetwork corp. in K()n,a. 

In thi8 paper, we examine t,he pilot symbol assisted 
rnodula,tion wit h the Alamouti's scheme in rapid fa.ding 
channels. \.Ve analyze the effect of the channel est,i.ma­
tion error and time variations of !.he dw.rmeL 

This pa.per is organized as follows. The next. sect.ion 
deseribes the signal model and a brief H.:View of the 
STBC. In section 8, the effect of the duumel estimation 
error and t ime-variations of the channel are describ<:,'<.L 
The perfon:rHtnce eva.Jm,tiou is provided i11 section 11, 

In the final se<:tion, conchisions are drnwn. 

2. SYSTRl\1 l\'10DELING 

In t lw following, boldfo.c·f: symbols denotB matrices (i11 
capit.al letters) an<l vectors (lower case). The index 
iH used for the sample stiq11m1c B m1mber. A cornplnx 
wujugation, matrix transpose au<l hermitian operator 
,:1.rn d1moted a.s the suporsc:ript ~, T, and fl , .rnspo<:tivdy. 

2.1. Space-Time Block Codes 

For simplkity, we consider a trnm;niit diversity system 
with 2 TX a.nterillas. The STBO symbol is transmitted 
from 2 TX ,rntemws dming two symbol periods 2T . 

X= (1) 

In a fiat fading channd., the 1'€~ceived signa.! veet.or, 
whose elements H,rn the symbols received at time t and 
t: + T , is given as 

r ::: (2) 

where hi is the d1a.1111d response of the sigrni.l received 
from TX ,rntennii i , Si is the tnillsmitted symbol with 
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Figure 1: PSAM using Tmni:;mit diversity wiLh STBC 

U#2, p ;>' o,u, t\' Gl j 
,- ~ - ~ - - - ' 

Or:o b :uno UYVs.y:noolr..1 
P: plict $y-:nh<":~ 
o: Cate\ 1;ymbo! 

Figure 2: Ti:a.,tsmitted symbol frn.me sf,mcture 

variance a;, and n 1 and n2 are the additive 110ise with 
variance a.~. 

The combined signal vector is wTitten as 

\Vii asHum,~ that. !:lw channel rrn,ponse is nonnalizrni, 
i.e., E I lhd2 } = 1 for i = 1, 2, so t.ft~t the il.veragc' 
received SNR is i = (T; / <T~. 

2.2. Pilot Symbol Aided lVIodulat.ion (PSAM) 

Figure 1 shows it block diagram of a transmit. diver­
sity system exploiting PSAl\l. Known pilot. symbols are 
inserted periodically for frequency diannel e::-i:ilm~tion, 
and the drnunel interpolation is performed iu the re­
ceiver for the compensation of the cham1d variations. 

We assume that the pilot symbol block is ,rn 01t.hog­
oual matrix u, i . f;. , uHu = I , (I.II<.! it j:-; tr;:i,11smitted 
with power P. The resulting frame structure can be 
shown in Fig 2. In this case, the received pilot 1,ymbol 
block a.t. one Rx antenna ca11 be writ.ten as 

(4) 

T he d 1a.nnel response vector is directly estimated 
as 

(5) 

where e is 2 x 1 d1annel e.stia.iation <~nor vector, whose 
clements ax·e nmtnally 11.11<:orrda!;ed complex Ga11ssi;1.11 

. l . ., r.v.s wit 1 variance <r ; . 

3. PSAM FOR. STBC IN 'TIME-VARYING 
CHANNELS 

a.1. Clumnel Estimation Error 

In a time-varying Rayleigh fading cha1U1el, the rnceived 
symbol vector is rnwrittt:n. as 

H (k) 

(6) 
where k denot('S the STBC symbol index within one 
symbol fnuue, ,rnd h.; .. ;(k ) i.s i- 1;11 d,annd nispoBse at 
(2k + _j)T. •• 

In this <:ase, the dw.nnd response is HStimated from 
the observation r(O), and the estimated channel re­
sponse vector is 

h = ! [h1,o~O) + h.1 ,1(0)] + ! [h2,o(O~ ·- h2,-1(0)l + € . 
2 h2,olO) + h2,1(0) 2 h1.o(O, - h1,1 (0)J 

(7) 
Th~i cham1el re:!!ponses hu,(O) and h,,1(0) are um­

tua.lly correlated complex Gaussian r.v.s, and can he 
expressed using a standard t; ra.n:!lformat:ion of r.v.s. as 
fo.llows. 

/ ( ) / l + p , , / 1 - p ( ) 
).'i.O () "" \ ' ·-·- WO) + V ·--:-·q; () • • I 2 \ · 2 

. /1 + p ,• /1 -·- p , 
h· , (01 = V' --1). (o) - \ 1--0. 10) 1, , , 2 l / 2 1 I~ , > 

(8) 

where p,(O) and qi (O) a.re mutua.lly lUJ<:orrelated com­
plex Gaussian r.v.s with variance 1, and the conelation 
coefliciEint p is 

(9) 

Subst.itut ing (8) into (7), the estimiited channel re­
sponse vector can be re,vTii;i:en a.s 

• 
11 + P [P1(0)] (1 - P [q:z(O)] . 

h (O) = v - 2- TJi(O) + v - 2- q1(0) + f: . (JO) 

Assuming that the desired chi.nnel rr~sp<mse is hi,o(O), 
the channel mismatch is rewritten as 

- ' ' /1 - p 
t, = !hi,o(O) .... h.;,o(O)! = v-·2-·- lq1, (0) .... q2(0) I + C:i(O), 

(11) 
an.d its v11.riance is crl .,,, (1 - p) + <J~./ P. 

T he corrda,tion coefffoi(mt is determined by t lw d1an­
nd model, the rn.a.ximum doppler freq uency fd and time 
interval. ,ve consider thnxi d11.1.rrnel models - classic [3}, 
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Figure 8: Channel rnsponse mismatch due to the loss 
of orthogonality (pilot SNR = ~m dB) 

uniform, and two-p~1th model, in which t,he correlation 
<:odfkients a;re given as 

{

Jo(2·r.f,H) 

p = sine(! dl'_}. 
cos(2TtfJ.1) 

( classic model) 

(uniform model) 

(two-pa.tJ1 model) 

(12) 

where .Jo(x) is the ;1,eroth-or<ler Bessd function of the 
first kind , and siH<:(x) = sin(1r:1:)/:1x. 

Figure ;1 shows the channel response mismatch in 
t ime-varying Rayleigh chaJmels. 

3. 2. Cha1111el Response Interpolation 

The combinC'd symbol vector can be written as 

z(k) = ~ H lf (k)H (k) f st \(' ~))] + H (k)n (k) (B ) 
v'2'-v--' LS2 r,. 

n 

where H (k) is iut\~rpolattxl channel response matrix. 
In this case, the channel response interpolation should 

b(: performed for each symbol interval T to reduce t:he 
degradation due to the loss of orthogonality. Thufl, 4 
channel responses are interpolated in one STBC sym­
bol durat;ion, the interpolated channel response matrix 
b(:comes 

and the matrix n is written as 

b1 ,2 l 
r.•:uJ 

(14) 

Figure 4: BER of QPSK in tn:1,nsiuit diversity using 
STBC when the dumnd estirn~~tion (,rror (\Xists. 

where 

nt,J (k) = 1.i,o(k)hi,o(k) + 7;-J,1(k)h1,1(k), 

bt,J(k) = 1i;,0 (k)hJ,o(k) -- h1,:i(k)ht 1(k ). 
(Hi) 

In the optimum linenr channel interpolator (wiener 
filter) [2] , tho i11t.e rpoiat.:ion ~ffro:r is unconolated ·wit h 
/i.i.j(k) and i1,i,o(k), and iti; varii..ul<X~ becomes arc~ -

4. PERFORMANCE ANALYSIS 

4. 1. E ffect of Chan11el Es timat ion Error 

Assuming that tbe channel response is stat.ionary and 
the tn\nsmitted symbols ;.u-e uncorrd,1.ted, the effective 
SNR is a conditional expectation subject to the esti­
mated channel respons~ 111 mid /i2, which c:a-r1 be writ­
ten as 

(17) 

Let O'. = !f.i 12 + h 12 . Tlrn ehanud eBt iiru1tion error 
c1 and t 2 are mut uaJly uncorrelated complex Gaussian 
r.v.s, so that a is ~~ chi-square r v. with 4 degrees of 
freedom. 

FoJ sufficiently small !J;, the channel esti11:1ation er­
ror fi a.nd the estimated d tannel response h; can be 
assume<l to be uncorrelated. Under this assumption, 
BER of QPSK can be obt,iine<l as 

Pr.; ("?) = / ' "'" P(Ejo:)p(a)do,. (18) 
• 0 

Suppos<~ t!Htt the channel response h i is i. i.d. com­
plex gaussian r.v, the c:onc.litiona.J error probability is 

(19) 
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where 

c( ) - / ')'(l + a;.) 
<,; (x - t , . •)• . 
• v ·1\ 20 + 1 + a;) + 4 

(20) 

Figure 4 shows the average BER t)f QPSK in 2 x 1 
STBC when there is the channel estim,.J,ion error. As 
shown in the figu re, the dwnnel estimation error c:.:iuses 
t he error floor. 

4.2. Effect of Time-Varying Channe ls 

To evaluate the optimum case, the frame length is cho­
sen to be N < 1./4.(iT, and the pilot. SNR is set to 
the iwerage data SNR i'- \-Vhe11 the chr-mnel rcsponst~ 
iute.rpolation is perfed, i;Jie performance is degrnded 
by t he channel estimati.ou error at. each pilot symbol 
blocks a.u<l the loss of orthogonality. 

T hough the effect of the chanu.el estimation error 
at high SNR. is snv1ll, the loss of orthogonality causes 
th<:i irreducibk error. Figme .5 axid 6 show the average 
BER of QPSK when optimum ch,mnd interpolation is 
assmued in two (;hannels (classic, u11iforrn) . .As shown 
in Uw figures , the error :floors r.\re due to t.he iliii:ial 
channel (>.St irn<1,tion error and the loss of orthogonality 
of the pilot: symbol block. The BER performance in 
the uniform channel model is shown t.o he better th,,n 
that in classic chffnnd model. T his irn:lica.tes thftt the 
errnr floor is rn.ostly due to the correlation between the 
comiecuhve eha1uiel responses. 

5. CONCLUSIONS 

The STBC is simple and effe<.:tiw tnmsmit diversity 
scheme, which exploits the orthogonality of the trans­
mitted ;,yrnbok However, the loss of orthogonality due 
to the time-variation of the <:hi.1111wl response irwrnAfitlS 

t he channel esi;irni1tion •~.rror, which causes performa.i:1<:t? 
degradation. 

For a performance ev.:,luation of STBC in ra.pid 
Rayleigh fading channd,, tlw impairments duEl to tlw 
ch,,nnd estimation error and the t irnE,--va.rying durnnds 
are ana.lyzed, aud the average bit error probability L-, 
dnrived . 
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F igure 5: BBR of QPSK in t rnnsmit diversity using 
STBC (PSAl'.vL da;;si<: modd) 
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Figure G: BER of QPSK in transmit divHrsity using 
STBC (PSAM, uniform modEil) 
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Nondata-Aided Channel Estimation for OFDM 
Systems With Space-Frequency 

Transmit Diversity 
Hakan A. \ :lt'pan, klembe,; IEEE, Erdal Panaytrct, Fellow. IEEE, and Hakan Dogan, Student Member, IEEE 

,'1bstract- This paper proposes a computationally efficient 
nondata-aided maximum a posteriori (MAP) channel-estimation 
algorithm focusing on the space-f'requency (SF) transmit diversity 
oi-thogonal frequency division multiple~ing (OFD'M) n·ansmission 
through fre1p1ency-selecth'e channels. The proposed algorithm 
fJroperly averages out t:hc data sequence and requin.-s a convenient 
represe11tJltion of the discrete multipath fading channel based on 
the Karhunen-Loeve (KL) orlhogonal expansion and estimates 
the c.omplex channel parameters of each subcarrier iteratively, 
usi11g tbe expectation maximii'.,ation (EM) method. To further 
reduce the corn1mtalio11al comt3lexity of the pmposed MAP al­
goritJ1m, the optimal truucat.ion property of the KL expansion 
is exploited. The performance of the MAP channel estimator is 
studied based on the evaluation of the modified Ci-amer-Rao 
h<mnd (CRB). Simulation result5 C()nfirm the proposed theoretical 
analysis and illustrate that the proposed algorithm is capable of 
ti·acking fast foding :md improving overall perform:mce. 

Index Terms- Expectation maximimtion (EM) algoritltm, max­
imum a postel'iori (MA P) channel estimation, orthogonal fre­
quency division multiplexing (OFDM) systems, spac.e-frec1uency 
coding. 

T. JNTRODUCTTON 

T RADITIONAL wireless technologies are nol very well 
suited Lo meet the demanding requirements of providing 

very high data rates with ubiquity and mobility. Given the 
scarcity and exorbitant cost. of the radio spectrum, such data 
rates dictate the nt'\ed for extremely high spectral efficient 
coding and modulation schemes [lJ. The combined application 
of transmiH1n1enna diversity and orthogonal frequency division 
rnultipk.xing (OFDM) modulation appears to be capable of 
enabling the types of capacities and data rates m:e<led for 
broadband wireless service.s 11 ], [2). 

Transmit-antenna diversi ty has been exploited recently to 
develop high-performance space-time/frequency codes and 
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under Grant I 04El 66. The review of this paper was coordinated by Dr. E. 
Larsson. 
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simple maximum likelihood (ML) decoders for transmission 
over flat fading channels 13]-[5 ]. Unfortunately, their practical 
appli.c:ation can present a real challenge 10 channel-csti.ma!ion 
algorithms, especially when the signal suffers from frequency­
selective nrnltipath channels. One of the solutions for allevia.t­
ing frequenc:y selectivity is through the use of OFDM together 
with transmit diversity which combats the long channel impulse 
response by transmitting parallel symbols over many orthogo­
nal subcarriers. yielding unique reduced complexity physical 
layer capabilities [ l ]. 

Channel estimation for transmit-diversity OFDM systems 
has attracted much attention wi1h the pioneering studies of 
Li 16], 171- Among many other techniques, an iterative proce­
dure based on the expectation maximization (EM) algorithm 
was also applied to 1he channel estimation problem in the 
context or space-time block coding (STBC) f8], f9] as well as 
transmit-diversity OH)M systems [ 10]-[ 13 I. In [ IO], both the 
ML and the rnaxi,mun a posteriori (MAP) iterative receivers for 
STBC-OFDM systems based on the EM algorithm are proposed 
to directly detect transmitted symbols under the assumption that. 
fad ing processes remain conslant across several OFDM words 
contained in one STBC code word. Note that even this approach 
pretends to bypass the channel-estimation process; it iteraies 
between the ML data detection and the channel c.stimation 
consecutively until the convergence is reached. Although this 
approach is certainly optimal, its convergence rnte is slow; the 
in itial selecticm of 1he channel parameters is very critical and its 
implementation is q11ite complex. 

An EM approach proposed for the general estimation from 
superimposed signals [ 151 is applied to the channel estimation 
for OFDM systems with transmitter- diversity systems and is 
compared with the space-alternat ing generalized EM (SAGE) 
version in (12]. Moreover, in [ 13), a modified version of [12] 
is proposed for STBC.Ofl)M and space-frequency (SF) block .. 
coding (SFBC)-OFDM systems. 

Unlike the EM approaches treated in fl0]-fl3j, we adopt 
a two-step deteciion procedure: I) Use the EM algorithm to 
estimate the channel, and 2) use the estimated channel to per­
form coherent detection. The major coniribution of this paper 
is to oht.ain a new efficient nondata-aidcd MAP EM channel­
estimation algorithm for OFDM systems with transmirter di­
versi ty using SFBC. A different approach is adapted llere to 
explicitly model the channel parameters by a Karlumen- Loeve 
(KL) series representation, since a KL expansion allows one t.o 
tackle the estimation of correlated pa:ramct.crs as a parameter 
estimation problem of the uncorrelated coefficients. Note that 
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the KL expansion is well known for its optimal truncation 
property (1 Y]. That is, the KL expansion requires the mini­
mum number of terms amo11g all possible series expansions 
in representing a random channel for a t,.riven msc. Thus, the 
optimal truncation property of the KL expansion results in 
a smaller compulational load on the channel-estirnaticm algo­
rithm. Moreover, cxcepL for a few pilot symbols for initial­
ization, the technique docs not. need any irain:ing sequ.cncc to 
acquire the channel and more information carrying signals can 
be transmitted. 

Due Lo the orthogonality of t11e SFBC system based on 
the Alamouti orthogonal design, as well as the KL expansion 
of the multipath channel that yields simple exact iterative 
expressions for the unknown channel parameters in frequency 
domain which do not require any man:ix inwrsion [ l 8], [ 19]. 
·Moreover, the optimal truncation property of the KL expansion 
can further reduce the computational load on !he channel­
estimation algorithm. 

ll. SFBC-OFDM SYSTEMS 

Resorting to coding across tones, the ~cl of gcnt.--rally cor­
related OFDM subchannels is [inn divided into groups of 
subchanncls. This subchannel grouping with appropriate sys­
tem parameters preserves the diversity gain while simplil'ying 
not only the code construction, but the decoding algorithm 
as well [ 141. A block diagram of a two-branch SF OFDM 
transmitter-diversity system is shown in Fig. L To cast 
tbe received signal model, we first define N,.. x 1 the data 
vector A (n) a~ A(n) = [A(nNJ, A(nN,, + 1), ... , A(nNc + 
N c. - l)jT. Fol.lowing ll1e notation of fl4l, let Ak(n) denote 
the kth forward polyphase component of the serial data sym­
bols, i.e, Ak(n) = A(nN,, + k) for k = 0, . . . , N<'- - 1. The 
polyphase component A;Jn) can also be viewed as the data 
symbol to be transmitted on the kth tone during the hlock 
instant n . The data symbol vecwr A (n) can tht:refore bt: 
expressed as A(n) = [A0(n),A.1(n), ... , A.:\f., .. i]'r . Resorting 
the subchannel grouping, A (n) is coded into two vectors A,,,(n) 
and A 0 (n) by the SF encoder as 

A,, (n) = [.4o(n) , A2(n), ... ,AN
0 

.. ,~(n),AN, .. z(n)? 

A 0 (n) '"' [A,(n) ,.1-h(n), .. . , AN,-.. s (n ), ANr.--•t(n)f (I) 

.Rx 

D 

T 

Charmd 
Estimation 

Space-­
fn:qucricy 
Decodirig 

where A e.(n) and A 0 (n} actually corresponds to the even and 
odd polyphasc component vectors of A (n). Then, the SF block 
code transmission matrix may be represented by 

space J 

frequency --+ 

r A.,(n) --A;(n)] 
l A 0 (n) A:(n) 

where * st,mds for the complex conjugation. 

(2) 

lf the received signal sequence, is also parsed in even and odd 
blocks of N" tones, R,,(n) = [Ro(n),R2(n), ... , }(y, ... z(n)f 
and R 0 (n } = [R 1 (n), Ra(n) , ... , RN~-l (n)l'r, the received 
signal can be expressed in vector form as 

R ,, (n} ::::A,,(n)H 1,"{n) + A,,(n)H 2,c(n) + W e:(n) 

R 0 (n) = - A1(n)H 1,0 (n) + A t(n}H z,o(n) + W 0 (n) (3) 

where A e(n) and A 0 (n) arc Nc / 2 x Nc/2 diagonal matrices 
whose elements are A,i(,n) and A 0 (n), respectively, and t 

denotes the conjugate lrnnspose. H 1; ,e (n) = IHµ,o(n), 
H1, ,2 (n), ... , H,,,N,, .. .'i(n))T and H1, ,0(n) = [H1.,1 (n), 
H11,3(n), . . . , H1,, N.,-i (n)J1' are N,J2 length vectors denoting 
the even and odd component vectors of the channel auenuations 
between the pth transmitter and the receiver. Finally, vV.,(n) 
and \V0 (n) arc N,::./2 x 1 7..ero mean and independent. 
identically di~triboted (i.i.d.) Gaussian vectors that model 
additive noise in the Ne tones. with a variance of <J2 / 2 per 
dimensi(ln. 

Equation (3) shows that the information symbols A"(n) 
and A0 (n) are transmitted twice in two t:onsecutive adjacent 
subchannel groups through two diffcre.nt channels. ln order 
lo estirnalc the channels and decode A with the embedded 
diversity gain through the repeated lransmissinn, for each n, 
we can write the following cquati<Yn from (3) as 

where the, complex channel gai11s between the adjacent subcar­
riers are assumed to be approximately constant, i.e., H 1,,Jn);:::; 
Ht,o(n) and H 2,e(n) ~ H 2,0 (n) . Thecffoct.ofthis assumption 
allows us to omit the dependence of H 1,,,(n) and H :i,t:(n) on 
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the even channel components. Using (4) and dropping subscript 
",,." we ha.ve 

or in a more succinct form 

R (n) ~ A (n)H(n) + W(n). (6) 

Based on (6), our main objective in this paper is to develop 
a channel-estimation algorithm in accordance with the. MAP 
c.ri(crion. The channel variations arc considered as i:andom 
processes and the KL orthogonal series expansion is applied. 
Prompted by the general applicabilit.y of the KL expansion, in 
1his paper, we consider the componenL~ of H 11(n) to be ex­
pressed by a linear combination of orthonormal base vectors as 
H 1,(n) = '11G1,(-n), where W = [?'o, ih,, .. . , ·¢JV, ... 1l, ,J;/s arc 
the orthonormal basis vc.ctors corresponding to the eigenvec-
1ors of the channel autocorrelation rna1rix CH,, .,:.: .EfH1,H;.}. 
Gii(n) is an Ne x 1 zero-mean i.i.d. Gaussian vector whose 
components Gi.(n)[k] = G 1,1(n, k), k = 0, 1, ... , Nr: -·· l cor­
respond to the weights of the KL expansion. Note. that the 
covariance matrix of G 1.(n) is A = diag(>-o, ,\ 1 , . .. , AJ\'c···l ), 
wltere >.1;-s are the eigenvalues of C1-1,, . ·n1erefore, CH" can be 
expressed as 

(7) 

Thus. the channel estimation problem in this applicabon is 
equivalent to estimating the i.i.d. Gaussian vector Gi, of the 
KL expansion coefficient,;. 

Hl. NONDATA ·AIDBD EM-B ,<\SED MAP 
CHANNEL ESTIMATION 

In I.he nondata-aided MAP estimation approach, we choose 
G to maximize the posterior probability density function 
(PDF), G = arg maxc p(G jR) where G ::,, !G'f, GJj'I' . To 
find the MAP estimator, we must cquivalcmly maximize 
p(R lG )p(G ). The prior PDF of !be KL e.xpansion coeffi­
cient r.v.'s of the fading channel can be expressed as p(G ) ,.__,. 

·- ... 1 ~ 
exp( - G lA G), where A = diag(A A). 

.Hence, the MAP estimator equivalently takes the form 

G MAP = argn~1.x [inp(RIG) + lnp(G )j (8) 

wherep(RIG) = BA[P(R IA,G). 
Given the transmitted signals A, coded according 10 the SF 

transmit-diversity scheme and the discrute channel orthonormal 
series expansion representation coefficients G and taking into 
account the independence ot' the noise component.<;, Lhe condi· 
tional PDF of the received signal R can be expressed as 

where f: is an Ne x N,; diagonal matrix with I:[k, k] = 0'2, for 
k '"~ 0, l, ... , Ne ... 1 and~ e:.:: d iag(w w ). 

451 

Ohtaining the MAP estimate of G from (9) is a complicated 
optjmilation problem and docs not yield a closed-form solu­
tion. The solution of such problems usually requires m1rne1ical 
methods. such as methods of scoring, Newton-Raphson, or 
some other gradient search algorithm. However, for the problem 
at. hand, these numetical methods tend to be compurationaUy 
complex. Fortunately, the solution can be easily obtained by 
rnt,;ans of the iterative EM algorithm. Since tl1e EM algorirhm 
has been studied and applied to a number of problems in 
communications over !he years, the details of the algoriLhm 
will not be presented in this paper. See [201-[22] for a general 
exposition lO the EM algorithm and 118) its applications 10 the 
estimation problem related to this study. Basically, this algo•• 
rithm inductively reestimates G so that a monotonic increase 
in the a posteriori conditional pdf in (9) is guaranteed. The 
monotonic increase is realized via the rnaxirniza1ion of the 
auxiliary function 

Q (GIG(;>)= I:> (R,A, G ( i ) ) logp(R.,A. G) (IO) 
A 

wl1ere G (i) is !he estimation of G at the i th iteration . 
Note that p(R , A., G) ~ p(R!A. G )p(G ), since the data 

symbols A = { A;Jn)} are assumed to be independent of each 
other and are identically distributed and because of the focL 
that they arc independent of G. Therefore.. (10) can be easily 
evaluated compared LO a direct computation of (9). 

Givc.n the received signal R., the EM algorithm starts with 
an initial value G0 o:f the unknown channe,I parameter G. The 
(-i + l )th estimate of G is obtained by the maximization step 
described hy G (i+l) = a.rg nw.:xG (J(G jG (i) ). AI; de~cribcd 
in Appendix I, the expression of IJ1e reestimated value of 
G }:+l) (µ ,:: 1, 2) can be obtained as follows: 

Gii-11) = (I + ~A° l r •l j!f [r ~i}tR.,,(n) - r ~')Ro(n)] 

a<H 1) -(I + :Ek 1Y-· 1w t [r rnt R (. )-1-ru)R { 'I "~ - . , 2 e n . •1 ,., JiJ J 

(11) 

where it can he easily seen that. 

(
• [ ( 1 a2) •• l ( 1 c72) •• l i ) 

(J. + }:;A "l)'· l = diag : 0 , . .. , i:c "• l 

(12) 

and r ti ) in Cl l) is an N,J2 x N,j 2 dimensional diagonal 
matrix· representing the a posteriori probabilities of the data 
symbols at the i.th iteration step whose kth component is 
delined as 

r ;il (k) = L L a1, P(.1hk (n) = {t1 

U.1 <lz ~; SA· 

1 ( ' IR G l-i,\) ,, 2k+i '.II) ~ az ·, ' ', , /.t = 'l, 2 (13) 

where S k denotes the alphabet set taken by the kth OFDM 
symbol . 
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A truncated expansion Gi,,r can be formed by selecting 
r orthonormal basis vectors among all the basis vectors that 
satisfy CH,, '1i = '.I>' A. The optimal one that yields the smallest 
average mean-squared truncation error 1/ (Nc/2) E [E:f.£,.J is the 
one expanded with the orthonormal basis vectors associated 
with the first large.st r eigenvalues given by 

where €,. = G;, -- G;,,r· For the problem at hand, t.he tnm­
cation property of the KL expansion results in a low-rank 
approximation. Thus. a rank-r approximation of Ar is defined 
as A,.:::.:diag{.X0,,\1, ... , A,. .. 1,0, ... , 0}. Since the trailing 
· r • • :,v /2- l , 
•'\; /'> - r vanances { A1·} • .,. are small com1)ared to the ~ c, w - . l :::r " 

leading r variances { ✓'1 };',;,:J. then the trailing N<j2 - r vari­
ances are set lo zero to produce the approximation. However, 
the. pattern of eigenvalues for A typically splits the eigenvectors 
into dominant and subdominant setf;. Then, the choice of r 
is more or less obvious. The optimal truncated KL (rank-r) 
estimator of (11) can easily be obtained by replacing Ar with 
A in (11). 

A. lnifi.tilization 

.In order to choose good initial values for the unknown chan­
nel parameters, lhe Nps data symbols {Ak (n)} fork E Sps in 
each OFDM frame are inserted as pilot symbols known by the 
receiver. Corresponding to the pilot symbols, we focus on an 
under-sampled signal model and employ the least squares (LS) 
estimate to obtain under-sampled channel parameters. Then, 
the complete initial channel gains can easily be determined 
using an interpolation technique, i.e., a lowpass inte1polation 

algorithm [16]. Finally, the initial values of G ~1
} arc used in the 

iterative EM algorithm r.o avoid divergence. 11,e details of the 
initialization process is presented. in [ l7) and [ 18]. 

B. Computation of rt)(k)for QPSK 

As the details a.re given in Appendix II, r }f) = [.r}j\o), 
. . . , I'~~\(Nc/2) - 1)Ff can be computed :for QPSK signaling 
as follows: 

r {i) ] h [ l R (z{i.'1')] . . 1, [ l. T (z( -i))l ;• =2ta.n a2 · .e 1.'. -t-2l;au1 o?. .tn ,,. J 
(15) 

where 

Zui - ·R ,T, ~G • Ci) + n· ,T,G(il 
I - ·tc ':t" 1 o':t" 2 

Z(·•l =n ,,·.~c••l·•) _..,., . t ... ,cu1 
2 c ,., 2 '~'o '" 1 

and ne and n0 arc Nc/2 x Nc/2 diagonal matrices whose 
elements are R (: and R ,» respectively. 

lV MODIFIED CRAMER-RAO BOUND 

In this section, we turn our atlt\ntion to the analytical perfor­
mance results and study the performance of the MAP charmel 
estimator based on chc evaluation of the mo<lified CRB. 

The mean-squared estimation error for 1hc unb.iased estima­
tion of a nonramloru pararncler has a lower bound, the CRB, 
which defines the ultimate accuracy of tJle unbiased estimation 
procedure. Suppose G is an unbiased estimator or a vector of 
unknown parameters G (i.e., E { G} -::a G), then the mse matrix 
is lowe.r bounded by 1l1e inverse of the Fis.her information 
matrix (FlM) E'{ (G - G)(G - G)t} ~ J·· 1(G). 

Since the estimation of unknown random parameters G' via 
Uu: MAP approach is considered in this paper, the modificdFlM 
needi, to he taken into account in the derivation of the-stochastic 
CRB [24]. Fortunately, the modified FIM can be obtain(:){! by a 
straightforward modification of the flM as 

(16) 

where J p( G) represents the a priori information. 
Under the assumption that G and W (n) are independc.nt of 

each other and W (n) is a zero-mean, the AA:s arc adopti.ng 
fmite complex values, from {241 and (9), the conditional PDF is 
given by 

p(RIG) :: EA {p(R IA, G)} 

~ :2 EA{(R -AiG)t(R -A'l!G}} . (17) 

Since lnp(RIG) is re.quired for the C(Hll!)lllation of :J(G). it is 
unfortunately computationally intensive. However, an approx­
imate of lnp(R IG) can still be obtained from In p(R IA, G). 
Since !he logarithmic function is a concave, by Jensen's in­
equality, we have 

lnp(R IG):::; 1:--:.Aln{p(R I.A, G)}. (18) 

Therefore, we get a valid J(G) from EA {lnp(R !A G)} 
which may not be tight, but is much easier to compute. From 
(17), the derivatives follow as 

Dlnp(RIG) - 1 'R A:,:G)t.4ii~ 
()GT - ;;,-z( · ·-· 'JI "" (19) 

(20) 

Since tl1c Alarnouti 's scheme imposes an orthogonal struc­

ture on the transmitted symbols AIA = I and nsing i\jj = I 
and 1aking the expected values yields the simple form 

(21) 
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Fig. 2. Channcl •cstima1jon msc as a function <>f the average [','1,/No . 

'Tnc. second term in ( 16) is easily obtained as follows. Con- ized discrete channel correlations for different suhcarricrs and 

sidcrthc prior PDF p( G) ~ c:xp[ (-G t _;r· 1G )J. The respective blocks oft:his channel model were presented in [ 17] as follows: 
derivatives arc found as 

(22) 

Upon taking the negative expectations, the second term in (16) 
becomes J p(G) = A ·· 1. Substituting J (G) and .T p(G ) in ( 16) 
produces the modified. Fllvl as follows: 

1 ···· exp [·-L [ ... L . + '.l:~A.fy:::!O ) l 
1 , , 7 rm~ ,(_1\,;, : l 

r 1~k k 1 = •···················································, ·········- ····- ····················. 
' ' ( ( ··1· ) ) l I j 2r.(/.;-1;;' ) ) Tnus 1 ··· exp ;;:···'· :;.······ + ........ .,.. ...... . 

, 1 CJU <' • O H >: /\ ,_. 

The scenario for the SFBC-OFDM simulation study con­
sists of a wireless QPSK-OFDM system. The system has a 
2.28-l'v[Hz bandwith (for the pulse roll-off factor er. "" 0.2) and 
is divided into Ne = 512 tones with a total period T.s of 136 p.s, 

(23) of which 1.052 J.IS constitutes the cyclic prefix (L :-..:: 4) . The 
uncoded data rate is 7.6 Mb/s. We assume that the nm; width is 

Inverting the matrix JM(G ) yields CRB(G ) = J~i (G ). 
CRB(G) is a diagonal mat1ix with the elements on the main 
diagonal equaling the reciprocal of that of the J(G) ma­
txix. Because of tlie ze.ro-valued off-diagonal entries in the 
FT.M. the errors between the corresponding estimates are not 
independent. 

V. SIMULATIONS 

Jn this section, we present some simulation results in order 
to verify the performance ()f the channc.l estimation via the 
EM algorithm for SFBC-OFDM systems. The diversity scheme 
with two transmit and one receive antenna is considered. The 
channels between the lramm1ittcr and receiver are generated 
according to the doubly-selective fading channel model. In 
!his model, Hµ,( k)'s arc with an expone.ntially decaying power 
delay profile 0( T;, ) ""' C llXp( - T1,J rrrn~) and delays 'JJ· that are 
uniformly and independently distributed over the length of the 
cyclic prefix. C is a normalizing constant. Note that the normal-

, , .1118 = I. sample (0.263 /.is) for the power-de.lay profile. 
The proposed EM-based iterative channel estimator of ( 11) 

is implemented and compared with the previously reported 
SFBC-OFDM channel estimator [ 13J in terms of average mse 
for a wide range of signal-to-noise ratio (.Eb / No) levels. The 
average mse is defined as the norm of the difference between the 
vectors G = [G T, G J] and G,u,,p, representing the true and 
the estimated values of the channel parameters, respectively. 
Namely, mse = 1/2Ncll G - G mapil2 . In order to obtain good 
initial values for the unknown channel parameters, N PS = 64 
equally spaced pilot tones a.re inserted into the data symbols. 
Corresponding to the pilot symbols, we employed the LS 
estimate to obtain wider-sampled channel parameters. Then, the 
complete initial channel gains are determined using a lowpass 

interpolati.on tech11i4ue [16]. Finally, the initial values of G },0) 
are used in tlie iternlive EM algorithm to avoid d ivergence. 

Fig. 2 compares the performance of the proposed EM-MAP 
channel-estimation approach with an EM-ML f l 31 which is the 
modified version of [ 12) and both used LS for initialization. The 
proposed EM-based approach is also compared to other widely 
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fig. 4. Convergence of th,;, mse with respect to the number of iterations. 

used lil1ear mmse (Linmse) and LSE pilot symbol assisted 
modulation (PSAM) channel-estimation techniques [23]. It can 
be seen that the proposed EM-MAP significantly outperforms 
1he EM ML as well as the PSA.M tech11iques. 

Assuming the channel parameters are estimated accurately, 
the SF block constructs the decision estimate vector in ( 14]. 
Therefore, we used channel estimates for symbol decoding and 
cc,mparcd the bit error rate (BER) performance of the proposed 
iterative EM-1\-1AP estimator with the EM-ML and the Lmmse 
ones. Fig. 3 shows the average results of 1000 Monte Carlo 
runs. We observe from the BER performance simulation results 
that the EM-MAP BER performance still outperfonns the EM­
M.L and the Lmmse approaches, especially :for high SNRs. 

In Fig. 4, the average mse pcrfonnance of the EM-M.AP 
algoritlun is presented as a function of the number of iterations. 
lt is concluded from these curves Lhat the mse performance 
of the EM-based algorithm converges within 2-4 iterations, 
depending on the average SNR. 

Apart from the- simulated BER pe1formance, the truncated 
estimator performance is also studied as a function of the 
number of KL coefficic.nts. Fig. 5 prc,~ents the mse result of 
the truncated EM-MAP estimator. If only a few expansion 
coefficients are employed to redu<.:e the complexity of the 
proposed estimator, then the mse between channel parameters 
becomes large. However, if the number of parameters in the 
expansion is increasc-0 to include the dominant eigenvalues, we 
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Pig. 5. Tnmcated EM algorithm msc performance. 

are able to obtain a good approximation with a relatively small 
number of KL coeltkicnts. For instance, by replacing 256 x 
256 diagonal A in (l l) with a 8 x 8 diagonal, Ar <lecre.ases the 
computational complexity enormously. 

VI. CONCLUSION 

Tn this paper, we proposed an cllicient nondata-aided EM­
based channel-estimation algorithm for SFBC-OFDM systems, 
which. is crucial for the decoding of SF codes. This algorithm 
performs an iterative estimation of the channel according t.o the 
MAP criterion, using the EM algorithm employing the M-PSK 
modulation sch<:m1e with additive Gaussian noise. The likeli­
hood ratio is properly averaged out over the data sequence so 
that the resulting algorithm does not need a training sequence 
to acquire the channel; thus, the. throughput of the system 
improves substantially compared to the existing channel­
estimation algorithms based on the data-aided schemes in lit­
;;;rature. The performance of our charmci-cstirnation algorithm 
is conllm1ed by corroborating simulations and is compared with 
existing EM-ML alternatives. It has been shown that the EM­
MAP estimator performs well over the EM-ML. Moreover, the 
trnncation property of the KL expansion significantJy reduces 
the complexity of the EM-based algorithms. 

APPl'iNDJX I 

DERIVATION OF (l l) 

In ( l 0). the term logv(R, A. G ) can he expressed as 

logp(R, .A, G } '" log'J)(.4, G ) + logp(R I.A, G) + logp(G ). 
(24) 

The first te:rrn in (24) is constant, since the data sequences .A. 
have, an equal a priori probability and A and G arc independent 
of each other, Also, since the noise samples a.re independent, 
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from (3) and (9), the second and third tcn:ns in (24) can he 
writfen as 

logp(R IA , G) ~ ···· [R ,,(n) ••• Ae(n)H 1 ••• Ao(n)H:l 

x ~ ··· l [R e(n) - A e(n)H1 - A 0 (n)H 2] 

·••• [Ro(n) + Ai(n)H 1 ••• Af(n)H 2]
1 

x :E- 1 [R (n'1 + Ai in)H, •··· A tfn)H,)] 
. 0 / (.' \ • ~ \ I ... . 

Ta.king the derivatives in (]0) wj1.h respect to G1 and G 2 , 

along with the fact that !IAe(n) ll 2 
:::::: jA 0 (n)J2 = (1/2)1. and 

equating 1be resulting equalions to zero, we have 

._?GCJ = I> (R,A, G(i)) 
c, l A , 

x [}J -- l q,t (Al(n)Re(n) 

- Ao(n)Ro(n) - II1) - A ·1G 1] = 0 

aq = "'. IR A. Gu1) 
iJG1 7p\ ' ' 

x [~ ···1 \J, t (A ~(n)R ,,(n) 

+ Ae(n)R 0 (n) - ll:.i) - A·· 1G2] = 0, (26) 

Since p(R , A, c<1l) may be replaced by p(AIR, G (i) ) with­
out violating the equalities in (26), defining the conditional 
probabilities as 

1t) (k) = L L a1,P 
(l 1 n2 ESi: 
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La-, ,,1~,;,S\ o,,P (RI A21c(n) = a;, Au,+1 (n) = a -2, G (·i)) P(A2/.,(n) = u1, A:u, -1-1 = ci-2) 

La
1 
,a

2
Esk P (R IA2dn) = a.1 , 1121,,-H (n) = a 2, G(i)) P (i-!iA:(n) = a. i, A2k-t·l = a2) 

cm) 

and the N,J 2 x Nc/2 diagonal matrix 

(28) 

the equations in (26) can be expressed as 

(29) 

• • •• (-i+l i . • from which, the final cxpresslOn tor G 1, • • 11- = l, 2, given by 
(11) easily follows. 

APPENDIX II 
EXACT COMPUTATTON OF rt) (k) FOR QPSK S!GNAUNG 

Let a."'" ( ± 1 ± :i )/2 represent the unit power and die inde­
pendent and identically distributed data sequence modulating 

the QPSK cairier, rS'\k) in (13) can be expressed (30), shown 
at the. top of the page. From (9), it follows that 

where 

m 

+ n;,k L 0-~1
) (1n)·1f;m(k) 

m 

z;1l(k) ""R",k LG~i.J~(m)-1J1;~.(k) 
Yt'J· 

R~ '\" 0 11! (· ·) ' (k) .... ·o.k L • 1 m '1Pm 

Then, taking summations in the numerator and the denomi­
nator of (31) over lhe values of the QPSK symbols a, we have 
the final result as follows: 

r ('i) 1k' - ! ·· l r! ~ R · (z(,) 1k)) ] ,. t > .... 2 t cw. i l cr2 e .• i• \ 

j I [ 1 1· (z·(·i'i •1 )) ] + 2 tan 1 ;;:2 m " ( ,;; . (32) 
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Al>stracl-A transmitter dhen;lty technique tor wireless 
communications o~-er frequency selective fading channels Is 
presented. The proposed technique utitlttS orthogonal fre­
queocy division multiplexing (OFDM) to transform a fre. 
quency selecth·e fading channel into multiple flat fading snb• 
channels on which space-frequency processing is applied. 
Simulation results vtrify that in slow fading em1ronments the 
proposed s~e-frequency Ol<'DM (SF·OFDM) transmltw­
diverslty technique has the same performance as a previously 
reported space-time OFDM (ST-OFDM} transmitter diversity 
system but shows better performance In the IOOre dlfflruU fast 
fading environments. Other implementation advantages of SF· 
OFDM over the ST-OFDM transmitter diversity technique are 
also di5':u.,sed. 

l. INTRODUCTION 

Spatial diversity is a well-known technique for combating 
the detrimental effects of multipath fading. Traditiooally, 
spatial diversity has been implemented at the receiver end, 
requiring multiple antennas and RF front-end circuits at the 
receivers. This multiplicity of receiver hardware is a major 
drawback, especially for portable receivers where physical 
size and current drain are important constraints. lo recent 
years, transmitter diversity has received strong interest. The 
main advantage of transmitter diversity is that diversity gain 
can be achieved by transmitting from multiple spatially sepa­
rated antennas without significantly increasing the size or 
complexity of the receivers. 

A number of orthogonal space-time transmitter diversity 
techniques have been proposed [ I -3}. Unfortunately, the 
large delay spreads in frequency Selective fading channels 
destroy the orthogonality of the received signals, which is 
critical to the operation of the diversity systems. Conse­
quently, these techniques are often only effective over flat 
fad ing channels, such as indoor wireless networks or low 
data rate systems. Space-time coded OFDM (ST-OFDM) 
systems [4, SJ have been proposed recently for delay spread 
channels. In {5}, it was shown that OFDM modulation with 
cyclic prefix can be used to transform frequency selective 
fading channels into multiple flat fading channels so that 
orthogonal space-time transmitter diversity can be applied, 
even for channels with large delay spreads. The use of 
OFDM also offers the possibility of coding in the frequency 

dimension in a form of space-frequency OFDM (SF-OFDM) 
transmitter diversity, which has also been suggested in [2]. 
This paper focusses on the implementation and performance 
evaluation of SF-OFDM transmitter diversity and its possible 
advantages over ST-OFDM transmitter diversity. Special 
considerations for the effective implementation of SF-OFDM 
transmitter diversity are also discussed. 

H. OFDM MODULATION WITH CYCLIC PREFIX 

OFDM is a popular modulation scheme for high data rate 
digital communications, especially for channels with large 
delay spreads [6). A block diagram of a conventional OFDM 
communication system is shown in Fig. I. An OFDM com­
munication system can be considered as a block or vector 
transmission system. Let X ( m) denote the input serial data 

symbols with symbol duration T5 . The serial to parallel con­

verter collects N serial data symbols into a data vector 

X(n) = [ X (nN) X(11.N + 1),. ,X (nN + N - t)f, which has 

a bloc.k duration of m; . An even block site N is assumed 

throughout the paper. In fact, N is often chosen to be pow­
ers of two to take advantage of the efficiency of the fast Fou­
rier transform (FFT) in the modulation and demodulation 
processes. Let X, (n) denote the k-th forward polyphase 

component of the serial data symbols, i.e., 
X*(n)=X(nN+k) for k=0,1, ... ,N-I. Xk(n ) can be 

viewed as the data symbol to be transmitted on the k-th 
subcarrier during the block instant 11 . The data vector X ( n) 
can then be expressed in polyphase representation as 

X(n) = [ Xo (n) x, (n ), .. X N-l (n)r. The data vector X (n) 
is modulated by an inverse discrete Fourier transform (IDFf) 
into an OFDM symbol vector x(n) . A length G cyclic ex-

tension of the IDl-7' output is added to x(11) as a.guard in­

terval. The resulting vector with the cyclic prefix is given by 

x' ( n) =[ X,v-o (n)· "XN-I ( n) Xo (11) .. ,xN·l ( n) r. The Vector 

1'' ( n) is transmitted through a frequency selective fading 

channel of order L, i.e., the channel impulse response 
h(m,i-):,:0fort' = L and h(m,i-)=0for1:>L. 

0-7803-6451-liOOm0.1:.l©2000 IEEE 
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&OFT 

.._ ____ _. Channel 
Estimator 

Fig. L Block diagram of a conventional OFDM system. 

To avoid inter-block interference (IBI), the guard interval 
is chosen to satisfy G 2! L . Assuming the channel impulse 
response remains constant during the entire block interval, 
the received signal vector y8 ( n) is simply the convolution 

of x• ( n) and the channel impulse response vector h ( n) , 
i.e., y' (n) = x8 (n) *h(n} . At the receiver, the guard inter­

val is first removed from the received signal vector to form 

the vector y(n)=[yt(n)yi.1 (n)• .. yt0 _,(n)J7. ft can be 

shown that with x4 ( n) constructed as the cyclic extension of 

x(n), the vector y(n) is the cyclic convolution of x(n) and 

b(n}. The demodulator performs an N-point discrete 

Fourier transform (DFl') on the vector y ( n) to yield the 

demodulated signal vector Y(n}. A well-known property 

of the DFl' is that cyclic convolution in the time do­
main results in multiplication in the frequency domain. 
Thus, the demodulated signal vector is given by 
Y(n) = A(n)X{n)+Z(,1), where A(n) is a diagonal ma­

trix whose diagonal elements are the rwr of the channel 
impulse response h(n) and Z(n) is the DFI' of the channel 

noise. Since A( n) is diagonal, the subchannels are com­

pletely decoupled from each other, and A*.• (n) can be 

viewed as the complex channel gain of the k-th subcarrier. 
Thus, OFDM with cyclic prefix transforms a frequency se­
lective fading channel inio N perfectly flat fading subchan­
nels on which orthogonal space-fre<Juency transmitter diver­
sity technique can be applied. 

Ill SF-OFDM TRANSMITTER DNERSITY 

The proposed two-branch SF-OFDM transmitter diversity 
system is an OFDM extension of the simple orthogonal 
tran:.1nittcr diversity &:heme first shown in [2J. The OFDM 
modulation with cyclic prefix allows the orthogonal trans­
mitter diversity technique to work in frequency selective 
channels. A simplified block diagram for the proposed sys­
tem is shown in Fig. 2. 

X(m) 

~ 

X(m) 

Serial to 
Parallel 

ParaUel 
to Setial 

X1(n) 

Space-Freq 
Encoder 

~n) 

V(n) 

IOFT& 
Cycilc 
Prefix 

IDFT& 
Cycllc 
Prefi>< 

Prefix 
Removal 
&OFT 

Tx1 

~ 
T~-----

Rx 

h z(n) 

'-----1Channe1 i----' 
E.$tlmal0( 

Fig. 2. Block diagram of the proposed two-branch space­
frequency OFDM transmitter diversity system. 

The data symbol vector X( n.) is coded into two vectors 

X1 ( n) and X2 ( n) by !he space-frequency encoder block as 

X1 (n) = [ X0 (n) - x,· (n ) .. , x,..,_2 (n) - X ; _, (n)J 
. ( I) 

X2 (n) =[X1(n) x;(n) .. , X N_1(n} x;_2 (n)Y 

During the block instant n , X1 ( n) is transmitted from the 

first base station Tx1 while X2 ( n) i.s transmitted simultane­

ously from the second base station Txi. 
The operations of the space-frequency encoder and de­

coder can best be described in terms of even and odd poly­
phase component vectors. Let X, ( n) and x. ( n) be two 

length N 12 Vl!'--'tors denoting the even and odd component 
vectors of X(11), i.e., 

X,(n)=[X0 (n) X2 (n), .. xN_4 (n) XN_2 (n)f 

Xq(n)=[X1 (n) X 3(n)• .. XN _3 (n) XN .. 1 (n)]1 

Similarly, X,., ( n) , X,_,, ( n) , X2,, ( n) and X2 .• ( n) denote 

the even and odd component vectors of X1 ( n) and X2 ( n) 

respectively. Equation (1) can then be expressed in terms of 
the even and odd component vectors as 

x,., (n) = X,(n) , Xl.o (n}:::: -x; (n) 
X2., (n) = X.(n) , X2.0 (11)= x; {n)' 

(2) 

The equivalent space-frequency block code transmission 
matrix [3] is given by 

~=-(x• x,,) -x: x: • 
Let A1 ( n) and A2 (n) be two diagonal matrices whose 

elements are the DFfs of the respective channel impulse 
responses, h1 { n} and h1 ( n) . The demodulated signal at the 

receiver is given by 
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Y(n) = A, ( n) X, (n)+ A2 {n}Xi (n) + Z( n) (3) 

or, equivalently, as 
Y, (n) = A,., (11 }X,., (11)+ Av (n) X1., (n)+ Z, ( n) 

(4) 
Y. (n) = -A,.0 ( n)X1.., (11)+ A2 •• (11 }Xi .• (n) + z. (n )' 

Assuming the channel responses are known or can be esti­
mated accurately at the receiver, the space-frequency decoder 
block constructs the decision estimate vector X ( n) as 

X, (n)= A;,, (n)Y, (n)+ Ai,o(11)Y; (n) 
(5) 

X.0 {n) = A;_,(n) Y. (11)-A, .• (n) v; (n} • 

The diversity performance of the proposed SF-OFDM 
transmitter diversity system can be analyzed by first substi­
tuting (2) inlo (4) to express the demodulated signal in terms 
of X,(n) and X0 (n) as 

Y, (n) = A,., (n) X, (n) + Ai., (n )X0 (n )+ Z, (n) 
(6) 

Y. (n) = -:-A,,, ( n)x: ( n)+ A2,, (n )X: (11)+ z. (n)" 
Assuming the complex channel gains between adjacent sub­
carriers are approximately constant, i.e., A1.,(n)"' A,.0 (n) 

and A2,, ( n) "' :A-2.,, ( n) : then substituting (6) into (5) results 

in 

X,. =,(!A,,J +IA2J)x. +A;,,z. + A.1,oz: 

x. ={IA1,l +jAl.l)x p +A~.z, - A, .• z: 
(7) 

where the implicit dependency on the block instant n has 
been omitted for briefness. Note that the decision variable 
equation (7) for the proposed SF~ODFM transmitter diversity 
scheme is similar in form to that of the optimal two-branch 
maximal ratio combining (MRC) receiver diversity system 
[7} and is exactly the same as that of the ST-OFDM trans­
mitter diversity system in [5]. It is thus reasonable to expect 
the proposed SF-OFDM transmitter diversity system to have 
the same diversity performance as the previously reported 
ST-O.FDM.transmitter diversity system. 

IV. P!:RFORMANCI:! OF SF-OFDM 'J'RANSMl'TTER DIVERSITY 

The bit error rate (BER) performance of the proposed two­
branch SF-OFDM transmitter diversity system was verified 
by simulation. The simulation system used OPDM with cy­
clic prefix length set to the channel order l, and 4-QAM on 
each subcarrier. The COST207 six-ray channel power delay 
profiles (8) were used throughout the simulations, and it was 
assumed that perfect channel estimation was available at the 
receiver. Simulation results ·for the SF-OFDM transmitter 
diversity system in a slow fading typical urban (TU) channel 
with ma:<imum Dopple~ frequency /ll = (0Hz are shown in 

Fig. 3. 

Fig. 3. SF-OFDM transmitter diversity in typical urban (TU) 
channel, T, =2 .. l()Sec., N = 512 and fo =WHz, 

Simulation results show that the SF-OFDM transmitter 
diversity system significantly outperfonns the conventional 
OFDM system. It provides about 5 dB of diversity gain at a 
bit error rate (BER) of w-z and about 15 dB of gain at a BER 
of 10-1 . Also shown in Fig. 3 is the theoretical performance 
curve of an ideal two-branch transmitter diversity system. 
The performance of the SF-OFDM transmitter diversity 
matches that of the ideal transmitter diversity system very 
well up to a signal to noise ratio (SNR) of 30 dB. At higher 
SNR. the SF-OFDM transmitter diversity curve starts to ex­
hibit an error floor, which is a well-known characteristic of 
all OFDM systems in Doppler spread channels [9). 

For conventional OFDM systems, the BER error floor is 
mainly a function of the normalized Doppler frequency 
f 0 N1:. The BER error floor will. degrade as foNT. in­

creases {9]. With transmitter diversity, complex channel gain 
variation between successive OFDM blocks (in the ST­
OFDM case) or between subcarriers (in the SF-OFDM case) 
can degrade the error floor of the diversity systems. The de­
cision variables for ST-OFDM transmitter diversity are com­
puted over two Of<"DM blocks {5], so it relies on the channel 
response to remain constant for two block periods 2NT, . 
With SF-OFDM transmitter diversity, the decision variables 
are completely determined within a single OFDM block, so it 
is reasonable to expect SF-OFDM to perform better than ST­
OFDM in fast fading environments where f 0 N1; is.large. In 

Fig. 4 (a), the performance of the proposed SF-OFDM 
transmitter diversity technique is compared to that of the 
previously reported ST-OFDM transmitter diversity tech­
nique [5). Simulation resurts show that SF-OFDM transmit­
ter diversity significantly outperforms ST-OFDM transmitter 
diversity when the normalized Doppler frequency is large. 
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Fig. 4. Performance comparison of ST-OFDM and SF­
OFDM transmitter diversity systems over the TU channel. 
(a) The same / 0 NT, is used for both ST-OFDM and SF­

OFDM. (b) f 0 NT, is doubled for SF-OFDM. 

To further illustrate the effecciveness of SF-OFDM in fast 
fading environments, the block size is doubled for the SF­
OFDM system in Fig. 4 (b). Simulation results show that SF­
OFDM still slightly outperforms ST-OFDM transmitter di­
versity even at twice the normalized Doppler frequency. 

Besides its superior performance in fast fading environ­
ments. SF-OFDM transmitter diversity has ocher practical 
implementation advantages over the ST-OFDM approach, as 
well. Since the proposed SF-OFDM transmitter diversity 
scheme performs the decoding within one OFDM block, it 
only requires half of the decoder memory needed for the ST­
OFDM system of the same block size. Similarly, the decoder 
latency for SF-OFDM is also half that of the ST-OFDM im­
plementation. 

Despite the, number of advantages SF-OFDM transmitter 
diversity has over the ST-OFDM approach, there is one im­
portant parameter that requires careful consideration for SF­
OFDM transmitter divef'sity systems. Recall the assumption 
used to derive (7) that the complex channel gain remains 
constant between adjacent subcarriers. Any significant 

0.3 

Blod< Slze (NJ 

Fig. 5. Mean complex channel gain variation between adja­
cent subcarriers vs. block size N for typical urban (fU) and 
bad urban (BU) channel power delay profiles. 

variation ln complex channel gain between adjacent subcar­
riers \\-ill introduce error in the decciding process a.nd will 
degrade the BER performance of the diversity system. The 
assumption of constant gain between subcarriers is. of 
course, only true for non-dispersive or fl.at channels. For 
frequency selective fading channels, the complex channel 
gain variation between subcarriers depends on the channel 
order L. the channel power delay profile, and the block size 
N . The gain variation between subcarriers will be worse for 

higher order channels and channels with larger root-mean­
square (RMS) delay spreads. On the other hand. a larger 
block size reduces the gain variation between subcarriers 
because of the finer partitioning of the frequency selective 
channel. 

Although an analytical expression for the subcarrier gain 
variation is not available, simulation of the complex channel 
gain of the subcarriers can provide a qualitative measure on 
how the gain variation is affected by the channel character­
istics and block size. Fig. 5 shows the simulation results of 
the mean subcarrier gain variation as a function of the block 
size for the COST207 TU and bad urban (BU) channel 
power delay profiles. As expected, the gain variation be­
tween adjacent subcarriers is worse for small block sizes and 
for channels with pOOf power delay profiles, i.e., gain varia­
tion is worse for the BU channel because of its larger RMS 
delay spread. For N = 32, the mean gaio var.iations are 0.13 
for the TU channel and 0.33 for the BU channel. The gain 
variation becomes small quickly as N increases. For 
N = 512, the mean gain variations are reduced to 0.004 and 
o.oi I for the TU and BU channels, respectively. 

Simulation results for an SF-OFDM transmitter diversity 
system with a block size of N = 64 in a slow fading 
BU channel. is shown in Fig. 6. Although the normalized 
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Fig. 6. SF-OFDM transmitter diversity over the bad urban 
(BU) channel with T, ::::: r 20sec .. N = 64 and f D = lOHz, 

Doppler frequency is very small in this case, the BER is se­
verely degraded because of excessive gain variation between 
subcarriers. Based on the results in Fig. 5 and Fig. 6, it can 
be concluded that a sufficiently large block size is essential 
for the implementation of SP-0:FDM transmitter diversity 
systems. However. an excessively large block size is not 
required for SF-OFDM transmitter diversity to work ef­
fectively. For the symbol rate and channel characte.ristics 
used in the simulations for this study, a moderate block size 
of 512 is quite adequate as apparent from the results in 
Fig. 4 (a). 

V . SUMMARY AND DISCUSSIONS 

A simple two-branch SF-OFDM transmitter diversity tech­
nique for wirele:,s communications over frequency selective 
fading channels has been presented. It has been shown that 
SF-OFDM is an efficient and effective transmitter diversity 
technique, especially for applications where the normalized 
Doppler frequency f 0 NT, is large. 

This paper has focused on two-branch diversity because 
of its simplicity and its unity coding rate. Higher order SF­
OFDM transmitter diversity can be implemented in similar 
fashion along the frequency dimension. Unfortunately, 
higher order complex orthogonal block codes [3} all have 
less than unity coding rate, which results in a reduction in 
data throughput or an expansion in bandwidth in order to 
maintain the same data rate. Even if the coding rate loss is 
acceplable, it is not clear whether using higher order trans­
mitter diversity directly or applying other error correction 
codes {ECC) on top of the second order transmitter diversity 
system will achieve better overall performance. The tradeoffs 
between higher order diversity and ECC is an interesting 
topic for further study. Also not addressed in this paper is the 
important issue of channel estimation in the SF-OfDM 

transmitter diversity setting. A channel parameter estimation 
technique has been proposed for the ST-OFDM transmitter 
diversity system in [lOJ. It would be interesting to investigate 
if similar or better channel estimation approaches can be 
developed for SF-OFDM transmitter diversity systems. 
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Effects of Channel-Estimation Errors on Receiver 
Selection-Combining Schemes for Alamouti 

MIMO Systems With BPSK 
Wenyu Li, Student ,vlember, IEEE, and Norman C. Beaulieu, Fellow, IEEE 

Abstract-The bit-erl'or rate (.BER) of binary phase-shift keying 
in Rayleigh fading, using the AJamou l:i transmission scheme and 
receiver selection diversity in the presence of channel-estimation 
error, is studied. Closed-fonn expressions for the BKR of l.og-like­
lihood ratio selection, signal-to-noise nitio (SNR) selection, switch­
and-stay combining selection, and maximum ratio combining are 
derived in terms of the SNR and the cross-correlation coeflidcnt 
of the channel gain and its corrupted estimate. 1\vo new sele❖ 

lio11 sl:h.emes, spal:C-time sum-of•s11uures rnmbin.ing selection di­
versity and space-time sum-of-magnitudes selection diversity, are 
proposed and proven to provide almost the same performance as 
SNRselection, hut with much simpler implementations. The effects 
of channcl-cstimatfon llnors on each selection scheme arc exam­
ined. 

bidex Terms-Alamouti multiple-input mwtiple-output 
(MIMO) sys'tems, error analysis, estimation error. fading 
channel;;, pilot-symhol•assislcd modulation (PSA.,'l\i), seledion 
diversity. 

J. lNTRODUCTlON 

M ULTIPLE-INPUT multiple-output (MIMO) systems 
have attracted great. interest. since thc.y can improve the 

channel capacity and reliability of wireless communication [ I.J. 
However. adopting a .MHv10 system increases the system corn­
plexity and the cost of implementation. A promising approach 
for reducing implementation complexity, while retaining area­
sonably good perfonnancc., is to employ some form of antenna 
selection. 

In general, MIMO antenna selection combining (SC) includes 
receiver (Rx) antenna selection, transmit1er (Tx) anlenna selec­
tion, and joint Tx/Rx selectjon. Both Tx/Rx selection and Tx 
sdection require that channel estimation be fed back from the 
Rx to the Tx. In order io avoid the need for a ft:edback channel, 
ai1d to keep the system simple, some systems will implement 
Rx selection diversity only. ln MT.MO Rx sdection diversity, L., 
out of L Rx antennas arc selected, while the T x uses all avail­
able a11tennas. Some past work has examined MTMO Rx selec­
tion diversity. Tn [2]- [4), tl1e Rx selection criteria arc based on 
achieving the maximum received signal-to-noise ratio (SNR). 
An approximation of pairwise error probability is given in [2]. 
An upper bound on pairwise error probability is presented in 
(3 ). In (4], an upper bound on hit-error rate (BER) is derived. 

Paper npprovt,d by Y. Li. the Editor for Wirek:ss Communications Tht,ory of 
the IEEE Connm,nications Sodety. Manuscript re.:eived February .\ 2005; r~­
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The authors are w ith the Deparunent· of Electrical and Computer Engi­
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wendyi!?.>ecc.ualbcna.ca; t'lt'aulicu@ecc.ualbcn.a.ca). 

Digital Object Identifier IO. l 109/l'COMM.2005.861648 

In this paper. weexmnine theeffoct ofchannel-cstimation error 
on the BER performance of a Ml.MO system using binary phase­
shift keying (BPSK) modulation and Rx selection diversity in 
a slow Jlat Rayleigh fading channel. The Alamouti space-ti.me 
block code (STBC) [5) is used al lhe Tx. The "best,. of L Rx 
antennas is chosen according to some selection criterion. Since 
all SC schemes require some knowledge of the complex channd 
gains for all the diversity brnnches,and the complex channdgains 
have to be estimated at the Rx, channel-estimation en-ors affect 
the performance o.f all practical SC schemes. Quantitative resu.lis 
for the effects of noisy channel cslimat.ion arc derived. 

Five different.selection schemes are considered for Rx. antenna 
selection. The first. scheme is log-likelihood ratio (LLR) selec­
tion, which was proposed in [61 for a one Tx antenna and L Rx 
antennas system. In LLRselecbon. full knowlcdgeofall the com­
plex d.ivcrsity branch gains is needed, and the branch providing 
the largest magniwde of LLR is chosen. This selection scheme 
was extended in 17] to include a two Tx amcnnas and N R Rx 
antennas syswm using the Alamouti scheme. The BER for t11is 
scheme is given by an expression involvingasinglc integral. How­
ever, perfect channel estimation is assumed in 17]. Here, we derive 
a closed-fonn BER expression for this LLR selection scheme, 
accounting for lhe presence of channel-estimation errors. 

Traditional SC is the second scheme considered in this paper. 
The selection of the best antenna is based on the .larges! SNR 
among !he d iversity branches ai. !he de.1.cc1or input. Unlike 
LLR selection, which .requires full knowledge of the complex 
channel gains for all the djvcrsity branches, SNR selection only 
requires ordc-ring fading amplitudes on the diversity branches. 
Jn [8], SNR selection is applied to Tx selection. Two Tx. an­
tennas which provide the largest and the second largest SNR 
arc used for transmitting an STBC. The performance of the 
system is assessed in terms of an <Jutage capaciLy analysis, bt1t 
exact BER results are not given. ln [4] and 17], the BER of SNR 
selection at the Rx side is evaluated. ln this paper, this result is 
extended to include the effects of channel-estimation errors. 

Since both LLR selection and SNR selection schemes require 
channel knowledge, we propose a new selection scheme, which 
we will refer to as space-time sum-of-squares (STSoS) sclec­
iion. The STSoS selection schemc docs not require knowledge 
o.f the channel gains to make the Rx antenna sckclion. Further­
more, branch selection is done before the space- time decoding, 
so 1ha1 channel estimation for the space-time decoding is only 
performed for the branch selected, achieving a significant com­
plexity reduction. Compared with the two fo1mcr schemes, this 
new scheme is much simpler to implement. Significantly, it is 
shown in the following that it provides essentially the same per­
formance as the SNR selection scheme. 

0090-6778/$20.00 © 2006 IEEE 
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The proposed STSoS SC scheme requires squaring the ampli­
tudes of the received bit signals. Tn order to further simplify the 
hardware implementa1ion, we propose another scheme, which 
only needs the amplitudes of the received bit signals. Similar to 
STSoS selection, 1his scheme, called space-time sum-of-mag­
nitudes (STSoM) selection, does not require channel estima­
tion. The simulation results in the following section show that 
STSoM selection has only slightly poorer BER performance 
than STSoS and SNR selection. 

Tn order to implement all the former SC schemes, the Rx needs 
to monitor all th.e diversity branches to select the "best" branch. 
Furthermore, the Rx may switch frequently in ordc.r ro use the 
best branches. lt is desirable in some practical implementations 
to minimize switching in order to reduce switching transients. 
Therefore. SC is often implemented in the form or switched 
diversity [91, (IOI in practical systems, in which rather than 
continuously picking the best branch, lhe Rx selecL~ a particular 
branch until its SNR drops below a predetennined threshold. 
When this happens, the Rx switches to another branch. [11] 
and [ 12] investigate a switched diversity system with one Tx 
antenna and N R Rx antennas. A performance analysis for thii; 
system without spacc--timecoding was given in Rayleigh fading 
in f 11 l, and in Nakagami fading in f 1.2J. In [ 13}, switched di­
versity is applied at the Tx side and the cumulative distributi.on 
function (cdf), the probability density function (pd.t). and the 
moment-generating function (MFG) of the received signal power 
are derived, again without space~time coding. In this paper, we 
analyze a transmission system with an Alamouti code at the Tx 
and switched diversity at the Rx. The average BER accounting 
for the effects or channel-estimation error is derived. and the 
optimal switching 1hreshold 1hat minimizes the .BER for this 
switched diver~ity scheme iii determined. 

The remainder of this paper is organized as follows. In Sec­
tion II, we present the system nHxlel. In Section 111, we consider a 
wireless sys1c:m. with two T x antennas using the Alamouti scheme 
and L Rx antennas, and derive the BER for the fow- SC schemes 
with channel.-esti_mation error considered. The analysis of a max­
imum ratio combining (MRC) Rx [ l4J is also recalled, and the 
performances of these four selection schemes are compaiwl with 
the optimal MRCscheme. lnSection IV. numericalresultsarepre­
sent.ed and the relative performances oft.he four selection schemes 
are discussed. Conclusions are drawn in Section V. 

Tl. SYSTEM MODEL 

ln general, we consider a system where an Alamouti scheme 
[5] is applied with two Tx antennas and .l Rx an1ennas. Refer­
ence 15, Fig. 3] shows the STBC system for the specia'J case of 
two Rx antennas for illustration . Vie assume. a BPSK modula­
tion, ~o that the 1ransmitted signal is either+ 1 or -1. Signals ,~1 

and .,2 , corresponding to two information bits, are sent simulta­
neously during two consect1tive bit intervals. The conesponding 
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r~>ccivcd signals in these two intervals on the ith branch can he 
expressed as f 5] 

r1,i = a 1,;H1 + Y2,iS2 + nu 

r-i,i = - q1,i8z + /72,1",1 + n2,i 

(I a) 

(lb) 

whe:re f/j ,i, j = 1, 2, ·i = 1, ... , L is th<: complex gain between 
the }th Tx antenna and 1hc ith Rx antenna, and n-J ,i, .i = 1, 2, 
i = 1, ... ,L rcpresentsadditivechannel nl)ise. The vaiiancesof 
the real (or imaginary) components of g1.i and n1.1. are denoted 
by a~ and O'.t respt,'Ctively. The average SNR of the. received 
sigrnil is defined here as 7 = 20';/ o-;, . The maximum-likelihood 
(ML) decoding of s 1 and -~ 2 is based on the combiner outputs 
(5) 

(2a) 

Y2., = fJ2,ir1,i - .iJ1.;rz.; (2b) 

where 9i:i is the estimate of YJ.i with variance <Y_t, in the real 
and imaginary parts. The signal estimale is -~i ::::: sg.u(~(y_1,i)), 
j = 1, 2, where sgn(:,:) = signum(:1:) is defined in [15, p. xlv]. 

The complex channel gains 9J,i arc estimated at the Rx prior 
to fading compensation. We assume identical statistics for the 
independent diversity branches, and that the correlation between 
(h.i and its estimate .f/;,i is the same on (;)ach branch. Extending 
the results in I l 6] to include the case when the variances of the 
channel gain ,\nd its estimate arc unequal, wc define 

(
R ,, .R~s) , . 

9.1.i = 2 + .1-y :lj,i + (xj,i + .nw) 
l'Til oiJ 

(3) 

where :.r:i ,i and Y:i,i are uncorrelated wilh .iJJ,i· The para.meters 
llr: and Res are given by 

F( = E'[gd'iJl = E !,qq,<;q] 

Rc:s = E[gdki] = -·E[gqgr], 

(4a) 

(4b) 

'Under the Rayleigh fading assumption, Rr:s = 0 [17], and we 
can simplify (3) to 

gj ,; = k..fJi.i. + d; . .;. (5) 

where k = R,Jtrl and di,• = (:1:j,, + j JJj,;) . The variance of 
the real (or imaginary) component of d1,; is er~ = (:I - p)a; 
[18], where pis the squared amplitude of the cross-correlation 
coefllcient of the channel fading and iL~ estimate 

E • .,[ , ] R :i 2 . ;~ yg~ ,,, (T!J 2 

p - El[gi2JE[l§l2f - o-~a~ - a~ k • (6) 

When pilot.••symbol-as:sisicd modulation (PSA ... lv1) is em-· 
p loyed to estimate the fading channel ga.in, the cross-correla­
tion cocfficieui. of the channel fading and iL<; estimate can be 
expressed as shown in (7) at the bottom of the page, where I( 

is the size of the interpolator, h'l, and h;;i are the interpolator co­
efficients, .fo is the Doppler shift, 1~ is the symbol in1erval, N 

[ 
llfJ h',,'.Jo(2r.fDlkN - 2nl'1~)]

2 

k=-t(K-· l )/2J 
p = --L-,<-/ -ZJ ____ L~b~./-2-j--------------~--LA_'_/2_J ___ _ (7) 

L L h.',,:h.;~,Jo{21rfo!k - m!.N:l~) + ~ L (h.,n2 

k=-L(K-1)/2J ,,.,,,,_l(I(-1)/2J • m=- L(J( - 1)/2J 
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is the frame size, and J o(·) is the zeroth-order Bessel function 
of lhe first kind. The detailed derivation of p is in .Appendix A 

Tll. BIT-ERROR RATE ANALYSIS 

By symmetry, Lhc BER is the same for s1 and 82, so the fol ­
lowing analysis will consider 81 only. Tht: rest1lts for :i; , i = l , 2 
can be obtained by appropriately renaming l11e variables. 

Using (1), (2a), and (5), the combiner output 1/l,i can be 
written as 

1/1,i ::-;:: k (!01 ;j2 + lih,;12) .'fJ + (JLri1,; + .CJ2.;d;,;) S1 

+ (§t Ai,i - .ih,;rl1,J s2 + §;,;nu + iun2,;• (8) 

Since s2 = + s.1 or - .,1 , each with probabilily l./2, we can calcu­
late 1he BER as P~ = 1/2(Pi,,,;.1 =.~s + Pi.1<2 =-s, ) = Pt,,:,2 =-~, = 
A,si =s, =l, where the last two equal ions follow from symmetry. 
For the case <12 = s 1 = l., from (8), we can write the decision 
variable for 1)1,;, as 

(9) 

Conditioning on l.iJ1.d2 and 1§2.-;f, it. can he shown that 
Sf~W7.i(d1,i + d2,; )], ~?fr1z .• (d2 ,; . - d1,;)], lR(hrin1 ,d and 
3?(.g;,;.n2,.J are independei1t zero-mean Gaussian random 
variables with variance 2lih ,,J2a~, 2!.rJ:u !2a~, ID1A~a~. 
and J.q2,d2

(T;, respectively. Therefore, ffl(y1,;), condi­
tioned on 1§1 ,; 1

2 and l.h -;J2, is a Gaussian random vari­
able as well. r, has mean k(l./h ,;, 12 + l!!2A~) and variance 
(211j + (1_~) (1§1,; 12 + l:12,i 12 ) . 

To simplify the following BER calculation , we normalize the 
expression in (9) by dividing both sides of I.he equalion with 
2ka-z. Then (9) can be written as 

.I 

Let ci; = (!Dul2 + lih.li)/ 2aE; conditio11cd on ai , the new 
decision variable fr?(v1,;) has 11ic.an a; and vari.ance ((2d + 

a-;,)/2k2<J"_i)o,; . Using (6) and <7J = (1 - p)of this variance is 
simplified to ( ( ( 1 - p )"y + 1) / fiy )<t;. Define the effec1ive SNR 

( 11) 

Then the vmiance is aJy., . 
Since fh.i and /Jz,; are independent, z.ero-mean complex. 

Gaussian random variables, l.l-i has a chi-sqt1arc distribution 
with fmtr degrees of freedom, and its pdf is given by fl 41 

(12) 

A. I.LR.SC 

The LLR Rx selection system model is described in [71. 
With the Alamouti scheme and :impcrfoct. channel estimaii.011, 
the LLR for data s1, given .<1.1., , j = 1, 2 an<l Vt ,i is 

·\·_I P(s 1 = +ll§j.i ,Y1 ,i ) _ 1, 71 {yuiY.1,, , .s1 = +l) 
• , - n , 

1
. - ,.1 ( , . 

Pt-~1 -1 g.;.i, Yu) r1 Yulu;.i,81 = -1) • • . • (13) 

From (8), conditioning on ili,i• we can show that Yu is a 
complex. Gaussian random variable with mean k(lg1,.I~ + 
l.il2,il2)s 1 m.y.9"t and real/imaginaiy part varfonce 
rJ.~ = (2o-J + a;; )(i!tul2 + W2,; i2 ) . Then contirrning (13), 
we have 

(14) 

Since R,,, o-a, O'~, and oJ arc the- same across all 1he Rx 
branches, the LLR Rx SC is equivafonl to sekcting the branch 
providing the. large.st amplitude of ~ (y1 ,i) . Note, with perfoct 
channel estimation, i.e., when Re = ITJ = aJ and <J"~ = 0, 
A1 = (4/No)~(:l/i,i), which matches thercsullin [7, eq. (37)1, 
wl1e1-c No is the noise power spectral density. 

The final expression for 1J1e BER is derived in Appendix B. 
lt is shown i 11 ( 15) al. the bottom of the next page, where A - C 
and m.1 -rn.7 are given in (39b) and (40b), respectively. 

A simpler suboptimum SC rule was also proposed by Kim 
and Kim in !6]. lnst.ead of lhe mnplitnde of 3l(y! ,,:), 1(Y1 ,;.)I is 
used for this envdopc-LLR SC, Simulation rc.sulL'I for the BER 
of this envdope-LLR selection scheme will be. given together 
with results for the other SC schemes i11 Section IV. 

( 15) 
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s1 s2 sl 

Pig. l. STSoS R.x selection system mo,lcl. 

B. SNR SC 

The Rx SC scheme model is same as the model in 14] and (7). 
In SNR SC, the Rx antenna with the largest SNR will he chosen 
for space-time decoding. From (8), the SNR, given !.he ith Rx 
antcnnasclect.ed isk2 (!i71 ·12 +1g:·,, ·12)/2(2cr2 +0'2 ) = ;-;_a.·112 . , , . , i _ ,1. d t>. ,c. 1. 

Therefore, the antenna providing the largest SNR is the one prn­
viding the largest a;. Let ,l ,w,x = max:[(1§1,,f + l.§2,;12)/2a5]. 
Then, the expression of the BER can be rewritten as [7] • 

Fi, = L -1"'·· Pr (?R(111 ,i) ~ OI .4,nax = a) JA.,,,x(a)da 
(I 

= (':., Q (-~) f tt,.,.x(n)dfJ, (16a) Jo 
where the pd!' of Ama:.~ is P9] 

(16b) 

and .f11(a.) is given in (12). 
Expanding {J; f...t(o,)da.jl' - i in (16) using the binomial the­

orem gives 

p6 = L x ~ t ( L ~ l) (.;) ( _ l ); 
i=O J=O 

x fo 00 

Q (~) nj+l exp[- (i + l)a]da. (17) 

Integrating ( 17) tenn-by-term, the final expression :fo:r the BER 
is derived as 

C. New SC Merhod /: STSoS Sdecrion 

Both LLR-basc<l and SNR-based SC schemes require knowl­
edge of al l the Rx branch fading gains in order to decide which 
branch to choose. This increases the Rx complexity. Herc, we 
propose a new selection-diversity scheme that selects the branch 
providing the largest sum of the squared amplitudes of lhe two 
received bit signals, i.e., h.i f 2+ fr2 _,; 12 (see Fig. I). This scheme 
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Largest rt r2 

is similar to square-Jaw combining, al though square-Jaw com­
bining is used for noncohercnt @xlulation and we deal with 
coherent modulation here. To the best of the authors' knowl­
edge, this SC diversity scheme as used in space--time coding 
here witl1 coherent modulation is novel . We will call it STSoS 
selection. The advantage of this selection scheme is that it docs 
not require channel estimation to perform the selection. Hence, 
the Rx implementation is simpler than other select.ion schemes. 
Moreover, this new scheme prtwides comparable performance 
to SNR-based selection, as is shown in Section lV. 

The system model is shown in Fig. I. Observe that 

= 11 1 • +. 1'·> ·12 + lr1 • - 'l'•J : 1
2 

: f• ,.; :1 I ,t .,.,t 

::::: lth,i (-~1 -s2)+rh,i (.S1 + s2) +n1,;+r12,d
2 

+ IY1,;(s1 +-~2)+ g2,i(.!!2 -s1 )+n1,i -n2.i 1
2 

(19a) 

and, observe further that s1 + 82 = ±2 and s1 - -52 = 0, or 
s 1 + s 2 = 0 and ;;2 - 1:11 = ±2, so that 

s1 = -s2 

s1 =82 -

( 19b) 

Thus, select.ing the branch having the maximum value of 
11-1,,12 + lr2,;!2 is equivalent to selecting the. branch with the 
maximum value of 

I ,.12 I "12 .91,i + n1 + ll2,i + n2 (20) 

where -n1 and n~ .ire independent, complex noise saxnplcs. each 
of variance o-~/ 2 in each of the real and imaginary components. 
Nole that when 1.he SNR becomes large, STSoS selection is 
equivalent to selecting the branch with chc maximum vah.1e of 
lgu l2 + l.g:2,.-1 2

, because the noise terms in (20) become small. 
On the other hand, in SNR SC, selecting the antenna providing 
the largest <1-i = (1Yul2 + !ih,d2 )/2aJ is equivalent to se­
lecting the antenna providing the largest Hll.i 12 + lii2.,. !2 , because 
the ai is the same over all the Rx branches. Since the channel 
gain estirnate. depc.nds on the SNR, with a large SNR value, one 
has .C/.i,i .....,. fl:i,i, .i = 1, 2. As a result, the SNR selection is 
equivalent to selecting the branch with the maximum val11e of 
l!J1, d2 + !!Jz,J2 as well when t.he SNR becomes large, andSTSoS 
selection becomes equivalent to SNR-based selection in slow 
fading. Observe further that the noise affecting the branch se­
lection is effectively reduced by 3 dB in the STSoS combiner. 

Petitioner Samsung Ex-1004, 0139



LI AND BEAULIEU: EFFECTS 01' CHANNEL-ESTIMATJON ERRORS ON RECEIVER SBLEC'rJON-COMBINING SCHE}.;!ES 173 
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,~ 
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' / ,' "V 
o-?2 I ml s2 sl ----"------1 rl2 

Pig. 2. SSC Rx sdect.ion system model. 

Also note that when t.he SNR becomes small, both STSoS se­
lection and SNR selection become dominated by noise terms, 
e.g., ni' .i = 1, 2 for STSoS selection and estimation error for 
SNR selection. Both these terms arc Gaussian distributed, such 
that the BER pe.rt·ormanccs or both selection methods approach 
0.5. As a result, the BER difference between the two methods is 
indistingui:;;habk. 

The simulation resul!s in the following sec1ion show that 
STSoS selection has essentially the same performance as 
SNR-based selection. 

D. New SC /1-fethod 2: STSoM Selection 

The proposed STSoS SC scheme, which selects the branch 
providing the largest sum of lr1, ;12 + lr-2,, 12 , requires squaring 
the amplitudes of the received. bit signals before making these­
lection. ln order to further s implify the hardware implementa­
tion, wc propose another scheme which selects the branch with 
the largest sum, lri,i l + lr2,d - Similar to STSoS selection. this 
scheme, called STSoM selection, does not require channel esti­
matjon. U is simpler than STSoS selection because the Rx only 
needs to obtain the ampli1udes of the two received signals: r 1 ,i 

and rz,i, and then take the sum. The simulation results in the 
following section show that it has only slightly poorer BER per-­
forrnance than STSoS and SNR selection. 

E. Switch-and-Stay Selection 

Switch-ai1d-stay SC (SSC) f 111 functions i11 t11e following 
manner: assuming antenna I is being used, one switches to an­
tenna 2 only if the instantaneous signal power in antenna I foils 
below a ce1tain threshold, "Yth, regardless of lbe value of the 
instantaneous sig,ial power in antenna 2. The switching from 
antenna 2 to antenna I is performed in the same manner. The 
system model is shown in Fig. 2. The major advantage of this 
strategy is that only one envelope signal need be examined at 
any instant. There.fore, it is much simpler to implement than 
traditional SC, because it i~ not necessary to keep track of the 
signals from both antennas simultaneously. However, the per­
formance of SSC is pQ1>re:r than the performance of SC. Using 
the Alamouti scheme at the Tx antenna side, and assuming the 
fadings on the Rx antenna branches are independent. and iden­
tically Rayleigh distributed, the number or branches at the Rx 

Receiver 

ST combm<:!r 

ST combiner 

l 
V 

Detector 

signal power 11h 
Comparmor 

side elves not affect tl1e average BER performance f 13 j. Conse­
qucmly, only the case of two Rx antennas is examined here. 

In Rx SSC, with channel-estimation error, the BER is related 
to the instantaneous effective SNR of the selected i th branch % 
in (8), where 'Ye= A:2(l!ll.·d2 + lihJj2)/2(2oJ + O'~). Condi­
tioning on the pd!' of --y,,, the BER is Q(~). The final BER 
e,\pression is derived in Appendix C. It is 

where k'1 and A"2 arc given in (45b). 
Note that the BER depends on the value of the switching 

threshold :th. The optimal value, "Y;i,, is a solution of the equa­
tion (fJP,, /0"!1.h )!,,t,°"'"{,_ = 0. Differentiating (21) with respe<.:t 
to ~11,h, we get 

2.J(:YG + 2)3 
(22) 

where Q ·-·1(·) denotes the inverse Gaussian Q-function, and 'Yc. 
is the effoctive SNR (11). 

F MRC Diversity 

In MRC, all t.he combiner outpu1s are weighted and summed 
to form the decision variable as illustrated in (5, Fig. l ]. From 
(:10), the combiner output is 

<.n ~ , ~ (!·' ,2 I" 12) 
[

l, ] 1 L 1 
m ~ :Yu = :i1J ~ l11 i1 + 02i + if;;.} 

L 

• ff~ L [Y;,;(d1,,i. + d2.i) 
i::: 1 

+!J2,i (d2 ,i - di,.t + _qr,,.n1 ,;. + _q:i,,,n2,i ]. 
(23) 
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Fig. 3. BER versus SNR for 1he 2 TX and 2 Rx system using an Alamou1j Fig. 4. BER versus SNR for the 2 TX and 4 Rx ~ys1cn1 uslng an Aln,nouti 
STBC. srnc. 

Conditioned on y = I::[.1(1.'71.12 + L<Jzi l2 )/2crJ, this decision 
variable is a Gaussia.n random variable with mean y and variance 
y/Jy"' . The pdf of 'l/ i s chi-square dislrihuted with 4.L degrees of 
freedom l 14 J 

l ''l , ) .fr(y) = (ZL _ l)!y~ ·· • exp(-y . (24) 

Following ( 14], the BER for MRC with Alarnouti coding is ob­
tained as 

IV NUMERICAL RESULTS AND DlSCUSSlON 

The BER results in this paper are functions of ;.:fr, which is, 
in turn, a function of p and l'y. Figs. 3 and 4 show plots of lhe 
average BER versus SNR per bit for the different selection­
diversity schemes in a flat Raylc.igh fading channel with per­
fect channel estimation and cross-coITelation 0.75, respectively. 
The envelope-LLR selection, STSoS selection, and STSo.M se­
lection schemes arc evaluated by computer simulation. As ex.­
pcc.tc.d, these results show that in all cases, the BER increases 
with increasing fading estimation em,r (decreasi.ng value of p). 

It is observed in Fig. 3 that the performances of LLR selec­
tion and MRC are llw same for dual diversity. 'nie perfonnances 
are, indeed, identical , because for MRC, the sign of the com­
biner output ~R(yu) + IR(z,1,2) is detc:miined by the maximum 
of jn(y1 ,;) I, which <.:oincides with the LLR selection rule. It is 
also observed in Fig. 3 that the performances ofSTSoS selection 
and SNR selection are the same, Ht. least 10 graphical accuracy. 

The STSoM selection scheme perfonns almost as well as rbe 
STSoS and SNR seleclion schemes, although it is simpler than 
both to implement. As does STSoS selection, STSoM selection 
choses the best branch without requiring any channel estima­
tion. The cnvclope-LLR selection scheme, which does require 
channel estimation of all the chanr1els, performs belier than the 
STSoS, STSolvl, and SNl{ selection schemes. but not as well as 
Lhe LL R and MRC designs. The SSC selection o ffcrs the poorest 
performance, in exchange for i1s simplicity, as expected. 

Fig. 4 shows the average BER as a function of SNR per hit. for 
the various selection schemes used in four-fold diversity with 
perfo{:t channel estimation and p = 0. 75, respectively. There arc 
a number of interesting observations. First, MRC and LLR are 
not the same, and MRC om.performs LLR. as expeered. Second. 
the LLR selection outperfo1ms envelope-LLR selection. Thi.rd, 
the cnvelopc-LLR selection outperforms STSoS and STSoM. 
Fourth. the performances of SNR and STSoS selection are the 
same, as they were for the dual-branch case. This is a significant 
result. In order to implement SNR selection, the gains of all the 
diversity channels must be estimated. No channel esrimation is 
required to implement STSoS selcc1:ion. Th.c demodulation will 
require channel estimation according to (2a), but in the case of 
STSoS. only two channel gains need to be estimated, while in 
the case of SNR selection, 2£ channel gains must be esrirnmed 
to implement the branch selc.ction . We have also compared SNR 
and STSoS schemes for L = 8 and L = 12 [20]. [n all cases, 
the performances are graphically the samc.1 

Figs. 5 and 6 show the average BER as a function of p for tl1e 
various seleCLion schemes with a SNR of 5 dB per bit for dual di ­
versity and four-fold diversity, respectively. Observe from both 
figures 1hat with poor channel e~timation, i.e., p -, 0. all the 
BER curves converge 10 0.5. At this poinl, the system is only af­
fected by random noise and offers the worst BER perfonnance. 
With the increase of p. there is a decrease of error rate for all the. 
selection schemes. When /J = l, systems with vaiious selection 

1Bxr.ended simulation tesr.s indicate thfil the STSoS scheme outperform, SNR 
selection in the foui1h or higher signilicm1l figure. 
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Sc.hemes reach the best performanc.c, wheretheBER values match 
the values in Figs. 3 and 4 at the p = 1 and t ,> = 5 dB point. 

Figs. 3-·6 show the average BER versus SNR for specific, con­
stant values of p . These results show dearly the performance dif­
ference.: between the selection schemes. They arc also reprc.sen­
lattve of a s111iation where the Rx electronics has reached al imi1, 
and crumot provide a better estimate of the channel gain. On the 
tl1eotherhand, many practical estimators will show a dependence 
on SNR. i.e., give better estimates as the SNR increases. In these 
t;ases,alargerSNR valuekadstoabeuerchanneleslimate., which 
means a higher value of p. To show this effect on BER, \~econ­
si~lcr PSAM as an example. We assume that a sine intcrpolator 
w'.th a Hamming window is used to interpolate fading estimates, 
w:ilh a frame siic of 1.4, and normalized Doppkr shift of 0.0 I .2 

Fig. 7 shows the average BER versus SNR from () to 1 () dB with 
L = 2. Since pis also a function of the symbol location, we give 

2Tosim~Jifythe analysis in 1hheJ5ampte, it is assumed 1ha1 no bxunch switching 
occurs dunng a PSAM mterpolanon lcngrh. In Uie altcmarive. one can huffo.r 
lhe pdot :;ymbols before t~ scle,'.L.iOn. 

i 

1 o·• L.- ---·~----· ·---·--·· 
0 1 2 3 

the BER of the third data symbol in a frame as an example. Com­
puted from (33), the value of p for this PSAM system varies from 
0.575 to 0.931 as the SNR varies from 0 1010 dB. Similar Lo the 
results in Figs.3and4, in Fig. 7, MRCa11dLLR selection sti"ll have 
the best performance, then c.nvclopc-LLR selection outperforms 
SNR and STSoS selection, which, in turn, slightly otllpcrform 
STSoM selection. The simplcstselection scheme, SSC selection, 
has the worst BER performance. Again, the performance of the 
SNRand STSoS schemes are indistinguishable. Fig. 8shows sim­
ilar results for four-fokl diversi ty. In this case, MRC outperforms 
LLR select.ion, butSNRand STSoS selection again have the same 
pcrfonnancc, which is marginally better than STSoM selection. 

V. CONCLUSION 

Analytical BER results were derived for LLR selection. 
SNR selection. SSC. and MRC with channel-estimalion error~ 
using Alamollli transmission systems. A new selection scheme, 
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STSoS selection, was proposed, with a much simpler hardware 
implementation. The results show that it has the same per­
fonnance as SNR selection. A suboptimal selection scheme, 
STSoM, was also proposed with a still simpler implerncntatinn, 
but only slightly poorer performance than STSoS SC. 

APPENDIX A 

DElUVATlON OF p 

A. Fading Estimation. in PSM,1 

We assume that PSAM is used for channel estimation. The 
PSAM frame format is similar to that considered in [2 1. Fig. 2], 
where pilot symbols arc inserted periodically into the data 
sequence. Since there are two Tx antennas and an Alamouti 
scheme is employed, we consider two consecutive pilot sym­
bols are transmitted together between data symbols. Under 
the assumption that the fadin.g gain remains constant over two 
consecutive symbol intervals, N / 2 clusters, each with two 
symbols. are formatted into one frame of N symbols, where 
N is an even number, with the first two pilot symbols (n = 0) 
followed by l\T - 2 data symbols (1 :S: n .S: N/2 - 1). The 
composi1e signal is transmitted over 2.L flat, Rayleigh fading 
channels. At lhe Rx, after matched-filte.r detection, the pilot 
symbols are extracted and interpolated to form an estimal.e of 
the channel in the following 111a1111er. 

Rewrite (1.) to include the above assum.ptioos as 

(26a) 

(26b) 

where rf'.i .k denote,~ the fast: received symbol at the n th symbol 
cluster of ihe kth data frame in !he -ith Rx branch, and similarly 
for the fading gain g and noise n . Since the pilot symbols arc 
known to the Rx, without loss of generality, we assume that the 
two pilot symbols at: the first cht~ter (n = 0) of the frame have 
the values + land - 1, respectively. Then for the two received 
pilot symbols, (26a) becomes 

.,.o _ (/0 ,,o _,_ '/! 0 
l :·i ,A: - .. 1 ;i.:k - ~4 2,,i. , k ·-r 'lJ.k (27a) 

.,-~ · '· = 9? . k + g~ • ' + n~ · k 4~ 1.,,;: -.'t; ._ ,1; , 1. ,,;: .. , , . • ~ · 
(27b) 

Adding (27a) and (27b). we obtain the estimate of gL ,11 as 

(28a) 

(28b) 

The fading at the nth symbol (1 S n :'.5 .N / 2 - 1) in the kth 
frame ofthei th branch is estimated from 2K pilot symbols of K 
adjacent frames, with pilot symbols from k 1 ::::= - l(J( - l) /2 J 
previous fra.rncs and t.o k 2 =; L J< /2 j subsequent frames. These 
estimates arc given by 

1
•2 ~'

2 ~ nr1 
• . +n!~ . ) 

q,,. . . = "'"' h" ;,0 . . :::: "'"' h" g0 • . + i ,,,A· ~,, ), (29a) , l , ,,k L, k ,'1 ,,,k L, le l ,, ,k 2 
k-", -• k, A,,.,,-k , 
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where hI: is the interpolation coefficient for the nth data symbol 
in the kth frame. 

B. Derivation of Re 

1n an omnidirectional scattering Rayleigh fading channel, the 
autocorrelation of tht~ real part of the fading gain is [21] 

R(-r) = <l;Jo(2rr fvr). (30) 

Since calculation of lhe correla!ions for the data symbols is the 
same at all branches, we drop the subscripts {1., i} and (2, i} in 
(28), (29). Then, combining (28), (29) with (4a), (30), we have 

~~ • [ ( o n~ k + n ~ k)] R,, = E [.q?k§?d = L h'l,E g_'h Ya• + • • 
2 

~, • 
k = -kt 

kc 

= L a; hiJo(21rfv lkN - 2nl1'.,). (31) 
k=- k;. 

C. Derivation of o 5 
From (28) and (29), the variance of g c.an be derived as 

D. Derfration of p 

From (6). using (31) and (32), we have 

R2 
p=-("-

(720 ~ 
g g 

(33) 

Note that p is a function of the type of intcrpolator, the data 
symbol location, the Doppler shift, the data frame length. and 
the symbol interval. When a sine interpolator [22] is used and a 
Hamming window is applied, 1he interpolation cocl'ficiems are 
given by 

(34) 
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APPENDIX B 
Df.RJVATJON OF (15) 

Similar to 1he analysis in 123 J, the BER for LLR Rx SC is 

L 

Pi, = I: P1(!R(y1,,) < 0 , ith branch se.lected). (35) 
i·= l 

Since ilr.(11:u) is proportional to if~(y~_J, conditioning l~(Y~.J in 
(IO) on .91,i and .§2..; yields • • 

/, 

A = I: Pr(lR(y;) < 0, ith branch selected) 
i=l 

"" L · Pl' (~(y\ ,1) < O, llh branch selected) 

= L • .Pr ( ~(Y1 .. iJ < O, I ~1(y~, 1) I > PR:(y~ ,J ! w,i,H) 

- J 1:i • ( \i'' ( , l ,n ' . , I ) (36) - , •• i - :n. Yu) > i•:n\Y1,d w, 41 · 

l'1, 

=L h00

Pr(lr.= ~t(y~.J! . .,i,•il < r1lr1= - :n(Y'.t ,1 ))fR(r1 )dr1 

= L r= [Pr( - r1 < r , < i·;j r1)]L- l fn(ri)d-r1 (37) 
lo 

where fn(ri) is the pdf of r1 . Since r1 = - 3,(v~,J, fn (ri) 
is equa.1 to .f,., ( -r1 ). where .f,., (,r,) is tbe pdf or r;. From ( l 0), 
one has that W(-y~_i)Vi,i;>"t is Gaussian distributed with mean 
ai and v3riance ad"fc, when conditioned on ai = ( lg1,.;12 + 
l.i.h,i !2 )/2of Averaging over n; , 1he p<lf of'f'i is given by 

08) can be simplified as 

f,., (:,.:) = ,1 (1 + Dl:r.l) exp (-Bk! + O:i:) (39a) 

where A= \~1.,,(-'y., ~
2

2
) B =-=\/;:;,'Ai<•+ 2) C = ic (39b) 

l 'Yc +2) 

11ien, for the i th branch 

f
' ' .t 

Pr ( -r-1 < r ; < r , I r1) = .fr,(,,:: )<h: 
. -rl 

= m,, + (m, - rn2r1 ) exp (-m3r 1) 

- (rn.4 + ·m.:;ri)nxp(-rn(;r1) (40a) 
AC-2AB AB 

where m 1 ::::: (C-B)2 m 2 ::::: B-C 

1
) C 2AB + 1lC 

m;s = :> - ,/ m .-i = (B + C:)2 

AB B ( ' 4AB;1 

m.5 = l' c· ·mG = . + ., rn7 = ·n2 ("'' )2. . ., + , l - ,-, 
(40h) 

Combining (37), (38), and (40), the final expression for the 
BER is obtained as (41 ), shown at ihe holtorn of the page. 

.APPENDJX C 
DERlVAT!ON OF (21) 

Following [ 12.l, the cdf of 7c can be writ1en as 

(42) 

From ( 12), bmh 'Yc,1 and ~fc,2 have a chi-squared distribution 
given by 

i = 1,2. (43) 

The pdfis obtained by differentiating the cdf in (42) with respect 
Changing the variable of integration to ,: = ..jai, and using the to 'Yee 
result li·om [15, cq. (3.472)} 

-y,, < 1th 

(44) 
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Then, the BER is 

where 
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Abst.ract-Etfoctivc Inter-carrier Interference (IC]) mitiga­
titm for MJMO-OFOM requires accurnte channel eslimation 
whi.ch is very challenging due to the large number and 
fast time-varying nature of the channel par.uneters to be 
estimated using scattered pilots. We 1>resent a novel SFBC­
OFDM scheme for doubly-selective channels and a reduced 
complexity channel estimation algorithm which exploits the 
banded and span,-e structure of the channel in the frequency 
and time-domains, respectivl!ly. furtl1ermore, we design an 
FIR-MMSE ICI cancellation algorithm for mobile SFBC-
01<'0:M and demonstnite it-, effectiveness .for Digital Video 
Broadcasting-flandheld (DVB-H) systems. 

I. INTRODUCTION 

Orthogonal Frequency .Division Multiplexing (OFDM) is 
very sensitive to time-selectivity which manifests itself as 
variations in the channel impulse response (ClR) within each 
OFDM symbol. This results in ICI, which is propot1ional to 
the Doppler frequency due to the mobility of the receiver, 
and is a significant perform,mce-limiting impairment for 
OFDM receivers. 

fo most previous studies, a quasi-static channel is assumed 
wl1crc !lie chcllme.l response is assumed const·ant over each 
OFDM block and a conventional one-tap per subcarrier 
frequency-domain equalizer (FEQ) is used, which is highly 
suboptimal under severe Doppler. In 11], we proposed 
a Finite-impulse-Response Minimum Mean Square Error 
(FIJ{-MMSE) F.EQ which has few taps per subcarrier an<l 
utili7..es the approximately banded structure of the channel 
matrix in the frequency-domain. 

OFDM in a multiple-input multip.le-output (MJMO) sys­
tem, known as ivilMO-OFDM, is an attractive multiple­
antenna scheme for high-rate reliable broadband wireless 
transmission. The Alamouri space-time block code (STBC) 
[2] can be integrated with OFDM systems to achieve spatial 
and multipath diversity ga.ins and reduce the error floor due 
to TCI. However. under high mobility, implementing the 
Alamouti STBC over adjacent OFD.M blocks is not effective 
due to the significant channel time variations. Instead, space­
frC(iuency block coding (SFBC) was considered in [31 
where Lhe Alamouti scheme is implemented over adjacent 
subcarricrs within the OFDM symbol ('.n where the channd 
frequency response is approximately constant (especially 
for large FF"f~si:z.e). However, the Ala:mout.i structure is 

This work was &llppor1ed in pan hy Semiconductor Research Corporation 
under conirnct No. 2005-HJ-1328 and by a gift from Texa, lnslruments h1c. 

destroyed in the presence of ]CJ a.nd the corre~ponding 
diversity gains arc lost. 111 this paper, we design a novel 
<1mbeddt>d Alamouti SFBC-OFDM scheme and show how 
to enlciently integrate it with the low-complexity FIR­
lv'Th,,fSE FEQ in [l]. To compute the MT.MO FIR-MMSE 
FEQ coefficients, we develop a reduced-complexity hybrid 
timc/frequency .. domain channel estimation algorithm 10 esti .. 
mate the q main diagonals of the frequency-domain channel 
matrix. Simulatjon results show that our proposed scheme 
can effectively combat ICI under high mobility conditions. 

Th.is paper is organi1..ed as follows . Jn Section II, the 
OFDM system model is described and the FlR-MMSE 
PEQ dt)sign for the :,ingle-antenna case is briefly discussed. 
In Section H1 this design is gcnm1lized to the MIMO 
case and integrated with our new embedded SFBC-OFDM 
system. A rcduce<l-,:omplexity channel estimation algorithm 
to estimate the fast-varying channel is described in Section 
IV and a detailed complexity analysis is given in Section V. 
Simulation results are presented in Sect.ion \:1, and finally 
cooclui>ions m:c drawn in Section VTJ. 

Notation: We use (,)T to denote the transpose, (·Y the 
complex-conjugate, 1.-, j the floor operation and (·)N the 
modulo-N operation, G1,j denotes the element in the i-th 
row and j-th column l)f matrix G . The estinrnted value of a 
random variable a is denoted by a. I N denotes the N x N 
identity matrix and G(:, j ) denotes the j,-th column of G. 

11. SYSTEM MODEL AND ASSUMPTIONS 

A. Mobile OFDM 

We consider an OFDM system with N suhcan-icrs where 
each OFDM symbol, deMted by X = [Xo ... XN-1 f' , is 
converted into time-domain samples x = [x0 . . . ,r,N .. 1 j'1' 
using the N-point Inverse Fast Fourier Transform (IFFT) 
operation x = F 11X where. Fii is the N-point IFFT matrix, 
We assume that the cyclic prefix (CP) length is equa] to or 
larger than the Channel Tmpulse Response (CIR) memory 
lengll1 denoted by u . Then, the received OFDM symbol y = 
[Yo . . · 7/N- 1]1' after CP removal is given hy 

y= Hx+v (I) 

where H is an N x N time-domain channel matrix with 

elements Hn,l = h n ,(n- l )N where h,.,t is the CIR at lag l 
for 0 $ l $ J/- land Lime instanL n for Os n $ N-1, and 
v is the time-domain noise vccwr witl1 correlation matrix 
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IJ'2b. Taking the FFT of (l ), we obtain 

Y = F'y = FHF 11 X + Fv = GX + V (2) 

where G £ FHFlf is the frequency-domain channel matrix 
and V is the frequency-domain noise vector. For a quasi­
static fading channel, H is a circulant matrix and hence 
transforms into a diagonal G matrix in (2). In this case, 
the OFDM subcarriers are decoupled. and a one-tap FEQ 
is optimal. For example, with a linear zero-forcing (ZF) 
FEQ, the data estimate for the k-th subcarrier Xk in this 
case is simply i:., = C,\:lY1.. For the time-varying channel, 
however, H is not circulant, and hen<.;e G is no longer 
diagonal. In this case, the input-output relat.io11 foi: the A:­
th subca1Tier is given by 

(3) 

The first term on the right hand side of (3) is the dcsii:ed 
signal term while the second one is the IC:I term which 
can be -:harncteri;,,ed by the normalized Doppler frequency 
Fd :::: .f,1T where .f<t is the Doppler frequency and T is the 
time duration of the useful piu't of one OFDM block. 

For the case of a MIMO system with Ai,- receive 
and Afi transmit antennas, we can generalize the model 
in {2) as follows. The freq uency-domain channel ma­
trix is G E CJ"-M, x N.M, whose ('i,.?)th block is the 
N x N frequency-domain channel matrix between the -i-
1h receiver and j -fh transmi1ter, denoted by G (i.,.i) ... 

FH(i,.1JF 8 and H (i • .i) is the corw;ponding time-domain 
chan11cl matrix. Y = [(Y fl))T . . . (Y (M.-)f]T E ([; N .,'1,. 

and X ::: [(X \l))'I' ... (x(i'..1,) ;'1']"' E cc.N,M, are the 
receive and transmit blocks, respectively, where y (i) = 
[1/ (i) y{•i) ]T ·incl x U ) -· [X(j) y Ul 1T 1·('1.' 

0 .. • • N - 1 ' - 0 .. • · '' N -:LJ • ., 
1 ~ i ::,:'. 1vl,. and 1 ::,:'. j '.S Mt. 

B. FIR-MMSE FEQfor S/SO-OFDM 

Noting that G has most of iis energy concentrated along 
the main diagonal, we can approitimate it by a handed 
matrix., wh.ich has 11011-;:.cro eler.nenl-~ only along {2D + 1) 
main diagonals and two D x D triangular marrices in Hie 
top-right and bottom-left corners. Based on this banded 
structure, we proposed in [l ] a reduced-tap MMSE FEQ 
algorithm wl1ich computes for each subcarricr an FIR FEQ 
by applying the MMSE criterion based only on the following 
(2D i · 1) x ( 4D + 1) submatrix. of G: 

G m .... G ,n,(m+2D ) ,.,, 

G c m + D ) ,v ,(rr,. - 2 /)} N Gem+ 0 );,; ,{m+'2DiN 
(4) 

The Q-tap (where q = 2D + 1) FIR-MMSE FEQ is 

• - ,:,H (G GI:{ -1- 21 ) .. I 
W ,ni - b m 7

m m • (T • Q 

(5) 

where g.,,,. = G m (:. 2D + 1) is the middle column of G 111 . 

Hence, the FIR-MMSE FEQ output for the ·m-tb subcar­
rier is given by 

Xm = WmY'.m (6) 

where Y m = l)'(·.l!l •••D)N ,, •• 'Ycm+•m Nr . 
TI1is FIR-MMSE FEQ has O(NC.J2 ) complexity, signif­

icantly less than the conventional N -tap FEQ. In [.I], we 
showed tllar the choice Qf a 3-tap FEQ (Q :,:, 2D + 1 ~ :3) 
achieves a good performance-complexity liadeoff. 

III. FIR-MMSE FEQ FOR MIMO-OFDM 

In this sec1ion, we generalize our FlR-MMSE FEQ design 
to the M1MO case and propost~ a new embedded Alam­
outi SFBC-OFDM scheme which can be readily incegrared 
with the FrR-MMSE FEQ. Here, we consider pilot-symbol­
assisted estimation where the pilot tones are embedded in 
the data subcarriers in the frequency-domain. 

A. Embedded Ala.mouti SFBC-OFDM Model 

We consider a MTMO-OFDM system with M,. ~ 2 
transmit and Af, receive antenn.as. ln order to guarantee the 
spatial diversity gain (by preserving the Alamouti strnctme) 
in the presence of severe IC.l. we desig11 our SFBC encoding 
scheme as shown in Fig. l. Each OFDM symbol of size N 
is divided i.nto data blocks each consisting of I, subcarriers 
sepm·ated by D pilot subcarriers where D is equal to the 
number of significant snperdiagonals in G (see Section 11-
B). Two inl'ormat1on symbols are grouped into pairs and 
form an Alamouti codeword which is imp'lemenred over 
the k-th (1 5 k :;<-; L) subcarricrs or two adjacent data 
blocks which are separated hy B = L + D subcan-iers. 
As shown in Fig. l , two adjacent data block,.; and two pilol 
blocks form one superhlock; hence, each superblock spans 
2B subcar.riers and contains L Al.amouti c<xlewords. For 
each non-edge codeword (i.e. k # l or L), ignoring noise 
and considering (for simplicity) lCf only from tJ1e adjacent 
subcanier (i.e. D :::: 1) at 1he -i.-th receive antenna, we have 

Yt (l) = Gk
1
}_1 (l )Xk- l (l ) 

( -.. U) ' l)X (l) c• (•: (') X r•) + "'1,,.1.l ., I,: + "l, ,k +1 I l,+ 1 , 1, 

(7) 

h . y F) 'l) I Y ( i) .,.Ai) ) ' ]T d X (l) w ere k ( = 2 w + k {J2w + 11,+B· an k • = 
I Xzw+'::k- l X2w+2,,JY correspond to 1he receive and trans­
mit pair for the k-th Alarnouli codeword in the l-th su­
perblock, respectively, for 2 ~ k s L - 1. Gi:::n (l) is the 
channel frequency response for the k-th Alamouii codeword 
given by 

G(i i 'l) _ 
km l · -

[ 
lt is clear that G ~'_{,,(l) is al the main diagonal of G , hence 

the second 1enn on i:he right-hand side of (7) is the desired 
term while the other two are TCl terms. Using this form, we 
C!lll easily extend the FlR-MMSE FEQ for the SISO case 
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=~ I L ~ 
l---Alamouti Codewor~. , 

X2 X4 X, X 3 
0 Data Subcarrier = Pilot Subcarrier =~ I 

L 1 L m,rn 
~ ~Pilot Biock~Data Block-->-l 

""'~----One Super Block, 28"' 2(L +DJ subcarriers-----t .. "'11 

Fig. l. Alamomi SFBC structure for FIR-MMSE FEQ 

in Section II-B to the Alamouti SFBC case which will be 
discussed in the nexl subsection. 

We insen two bhx:ks of pilot~. ca.ch wi th D subcarricrs 
as shown in Fig. l. Since the pilot tones are known to the 
receiver. their interference to the edge codewords in c-ach 
data block can he compulcd and subtracted from the received 
signal to facilitaLe equalization. for a Q ,,,, (2D + 1) tap 
FEQ, we need D pilot subcarriers for each pilol block. 

We emphasize that this scheme is difforent from STBC­
OFDM [2] where the Almnouti scheme is irnplcrncnti::d 
over the kth subcurricrs of two adjacent OFDM symbols 
which is not suitable for the fasL time-varying channel 
conditions considered in this paper. It is also different from 
conventional SFBC-OFDM [3] where the Ala:mouti scheme 
is implemented over adjacent subcarriers which also fails in 
the presence of severe ICT between adjacent subcarriers. In 
both of these schemes, Lhe Alamouti structure is destroyed 
and hence spatial diversi ty gains can not be realized. Our 
proposed sch~rne solves this problem. To achieve full spatial 
diversity, G t,, (l) must be as dose to the Alamouti matrix 

'bl ' l'h ' • c·/i ,j) c-(i,j) • ] ") as posSJ e. ts requtres ,.k,m ~ .ii.:,;-EJ.m+B •J = ., ~, 

or equivalently. the channel coherence bandwidth must he 
significantly larger than the width of B subcarriers. Fm the 
TU06 channel model we use in this paper for the DVB 
environment, the channel coherence bandwidth is around 
200 KHz while the subcan-ier width is 1 KH7, for the 
8K mode. Hence, the channel frequency response can he 
approximated as fixed owr tens of subcarriers. 

The choice of the design pararneler L entai ls a 
performance/data-rate irnde-off. Choosing a larger I., re,<;ults 
in higher data-rate but lei.s diversity gain (since the channel 
frequency response fluctuates more within each Alamouti 
codeword). On 1he other hand. a smaller L results in a 
smaller data rate but: approximating (8) as an Alamouti 
matrix becomes more accurnlc resulting in higher diversity 
gain. Fortt1nately. for the DVB-H 8K system, choosing a 
rela1ively large L still achieves a good performance as shown 
in Section VI. 

B. FIR-MMSE FEQ for Alamouti SFBC-OFDM 

In 1his section, we integrate the FIR-MMSE FEQ in 
Section n--B with our Alamouti SFBC.OFDM scheme in 
Section Ul-A. For the m-th Alamouti codeword of the i-th 
superblock, we omit the superblock index l, and construct: a 
ma11ix Gm = [(GW)'r .. . (G ~ 1'\J'IT' as a stack of lvfr 

matricc-s, each of which ha,; a similar structure to (4) for the 
SISO case, i.e. 

G (i} 
"' (m + D),v , (m·1-20)N 

(9) 
where ea<.:h element. is a 2 x 2 matrix of Lhe form given in (8) 
(sctling l = 0 ro omit Hie superblock index). Hence, similar 
to (5), the FTR-MMSE FEQ coenicients an:: given by 

(lO) 

where g,,. E c2CJM , x 2 co111ains the middle two 
columns of G,,, and W m E. c2x 2qM, is the FTR-
1'vU1v1SE FEQ coefficient matrix. Final'ly, rJ1e FEQ out­
put for th<i m-th codeoword is Xm. -- w,,., Ym 
• [( -·( !) 7' ( -{,vf.\ 7')T - (;.) 
where Y rn ,.= ,Ym ) .. . _.,Y,n ·) : , Y m = 
[y (t) (1" '') ')" y{<,) (Y t ) )"IT 

(m- O)N 'c;,; _D + B)N • • •• • (m + D) _r,; (m+D+ fJ) ,-.; • • 
' ~- ., 1' 

and Xw. = [X2m.- l X2,,-,] . 

IV. SIMPLIFIED HYBRID FREQUENCY/TIME CHA.NNcL 

ESTIMATION 

To estimate the channel at pilot locations, we need to 
place pilots in pairs of subcaniers, i.e. D = 2 in Fig. I. As­
suming we have P = N / d. pilot subcarriers equally spaced 
at x ,)(0), Xp{O)+ l: • •• ,X7;(P ) ,Xp( f>)+1 where 7J(l) ~0 l X 

d and each pilot codeword contains two adjacent pilot. 
subcarriers, we have 2P pilot subcm-riers. Assuming the 
channels fixed over two adjacent sul:ica1Tiers (i.e.Gt't> ~ 

aii.;l.,.+Pj = 1, 2 and 1 $ i $ M r ) and ignoring ICI and 
noise, we obtain the input-<>utput relation for sulx:arriers I,; 
and ( k + 1) for the i -th receive antenna as 

X 7 [ d ,l. l p(l}+l I l_J{J) ,p(l) 
X" I i :t 

v(!) J Gp(l) ,p(l ) 
(11) 

which can he used to obtain the least squares (LS) estimate 
for the channel frequency response at pilot subcarriers. 

To estimate t:he Q main diagonals of G (i,i>, we use the 
hybrid frequency/time-domain channel estimation algorithm 
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in [4]. This algorithm is based on the fact that for normalized 
Doppler of up to 20%, the channel time-variations can be 
approximated by a piece-wi!.e linear model with a constant 
slope over each OFDM symbol duration. 

We summarize tl1c algorithm in [4] and extend it to the 
MIMO case as follows. 

Step I Ignoring lCl, for each receive antenna i , we obtain 
the frequency resl>◊-nse at pilot Clxleword locations using 
( 11 ) d G(t .J I f • 1 2 I 1 ,· • , H . . an compute :r 1,(!).p(l i ·vr J = , an< :::::, 1, s 1 .. ,.. 
For each pair of transmit-receive antennas, we omit the i,,1 
indices to simplify the notation, since we are estimating each 
of the 2M~ frequency-domain channel matrices indepen­
dently. Performing a linear or Wiener filtering interpolation 
on Cv(l},p(I), we obtain an estimate of the diagonal of G, 
denoted by g, followed by a P -point IFFT to get an estimate 
of the average ClR (i.e. the. middle row of H,) denoted by 
h1~!1 where we assume that the current OFDM block index 
is t ··· l. 

Step 2 Repeal Step :t for the next two OPDM. symbols so 
that we have the middle rows for three consecutive OFDM 

b I d d b 1 ... nv~ h .... av-> h"' "i•V.:> syrn o s, e11otc y lt .. '. 1, t "' and ~.,'."1. 

Sttp 3 For the current OFDM symbol, we denote by o:1 

and d'.2 the estimated slope vectors for the first and second 
halves of the OFDM symbol, respectively. Hence 

(l2) 

Step 4 Using the CIR slope vectors, we can compute the 
estimated off-diagonal e-lcmems of G (sec (5)). Combined 
with the estimated main diagonal obtained from Step l , we 
now have an estimate of tile full G matrix wl1ich we denote 
by G. This matrix is an ;\7 x N fu'll mau·ix and we can use 
its CJ main diagonals to compute tl1e FEQ according to (10). 

To reduce the complexity of lhis hybrid channel es1ima­
tion algorithm, we exploit the sparseness of time-domain 
CIR and the bCLnded mucture of frequency-domain channel 
matrix G . In practice, the CIR is usually sparse and the 
number of active channel taps is much less than L. ln 
this case, many channel taps can be zeroed out to reduce 
the processing complexity with negligible performance loss. 
Tb do this, we choose rbe M taps from h"'£ with the 
largest. absolute value, and zero out all the remaining taps. 
Therefore, we only need to estimate Af instead of L slopes 
when calcula1ing 6: 1 and 6-2 in (12). Choosing the value of 
Ar entails a complexity-performance tradeoff. 

The banded structure of G can al.so be exploited to 
reduce channel es1imation complexity. Simulation results in 
Subsection Vf show that a 3-tap FEQ [l l perform$ well 
even at a relatively high Doppler of 10% which requires an 
estimate of only t:hc three main diagonals of G. Since the 
main diagonal of G is estimated in Step I, we only need to 
compute one sub-diagonal and one super-diagonal of G in 
Step 4 instead of the full matrix. Furthermore, we proved in 
l5] that the element<; of the sub-diagonal<; arc approximately 
the negatives of the corresponding elements of the super­
diagonals for large N; hence, we only need to compute one 
super-diagonal of G. 

TABLE I 

COMPL EX ITY FOR llYBRID 01. .. NNE!. ESTIMAl'(O,\i AL!lOHITHM 

# of multiplication, ( N,,.,.t ,.i .) 
......... System ......... ... single.anrenoa ..... 2-Tx . I -Rx .!. 2-1'X.2•Rx .. . 

M::10, D::1 13850 27700 55400 
M "' IO, f>,,.2 15898 3 17% 63592 

ivl:::IO. D:::N-1 fi.2 X 101' L2 x J.07 2.,1 X HJ7 
t,.,f~64, J.),,, J 20253 40506 8HJl2 
M=64, D=2 22400 44l\00 89600 

M=64. tr-N- 1 f;.2 X 106 l.2 x J.07 2.4. X l()'~ 

V. COMPLEXITY ANALYSIS 

For the SISO case, Steps l-J have significantly less com­
plexity than Step 4 in Section rv. In Skp 4, a closed-fonn 
expression 10 compute 1hc off-diagonal elements of G from 

& 1 and &2 was given in [5 ]. We firsl need to cakula1e two 

N-point IFFT of an L-samplc. vector (namely &1 + &2 and 
d:1 ··- <°i-2\ which has a complexity of [1og2 D-t 2('1 ·- ~ )] • ~ 
complex mu.ltiplications each (61. In (71, a generic FFT pnm­
ing algoritlun is proposed which docs not require the sparse 
input data to be grouped together (as in our case where the 
111 active taps are dispersed among the en1jre [; laps). This 
algoritJnn has a complexity saving raLio of {3; Hence, we 
need approximately (1 - f:/)[log2 L + 2(1 - -Af )]N complex 
multiplications for 2 IFFT operations, where .8 is given in 
[7] for different scenarios. Furthermore, to compute I off­
diagonal element of G, we need 2 co111.plex multiplication$ 
for odd-indexed diagonals and I for even-indexed diagonals 
[5). We estimate D subdiagonals for a CJ-tap .·FEQ (where 
Q "" 2D + l), whjch m1uires (3 l f·J + 2(Dh)N complex 
multiplications. Denoting the Lot.al number of multiplications 
by 1V,,,.,,1t•i., we have 

"' • ' )'l L • ( L))" . .. , L.OJ · ' (D ) . "' 1'1m.-ulti. =(1-,8 (og2 +21- ;\r 1v+l.5 9 + 2 2 )1~ 
• ~ (13) 

For the MfMO case, wt~ repeat the same procedure for 
all ;Wt x M,. channels; hence the complexity will increru;c 
by a factor of Af1. x 11,J, .. Table [ lists the total number 
of multiplications used by the hybrid channel estimation 
algorithm assuming [, ,,,, 64 tap channel and N ,,,, 2048 for 
different M. D. By using 111 = 10 instead of 64, the lFFf 
complex:it.y is reduced hy approximately 40% (i.e. ,3 ~ 0.4) 
[7). ln addition, by exploiting the banded strucu1re of G 
( i.e. assuming a tri-diagonal G with D = 1 instead of a fo.11 
G with D = N - 1), the number of requ.ired multipliers is 
reduced significantly. 

VI. SIMULATION RESULTS 

We choose the DVB-H st:u1dard as our case study, which 
is required to support high mobility. We evaluated the DVB• 
H receiver performance in the 8K mode with N = 8:t 92 
since the 8K mode suffers more from lCI than the 2K or 
4K modes. We assumed Hie typical lU'ban TU-06 channel 
delay profile defined by the COST 207 project with 6 taps 
in the continuous-time domain, 8 MHz channel bandwidth, 
and a cal'!'ier fr~uency of 800 MHz. After sampling, we get 
a long discrete-time CIR with approximately 50 taps. Each 
discrete channel tap is generated by an independent complex 
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Gaussian :random variable with time correlation based on 
Jake.'s model. A 64-state rate-1/2 convolutional code is 
employed. The coded hirs are interleaved ami mapptXI into 
QPSK constellation points. 

The performance for rhe 8K mode system is evaluated 
with a relatively high Doppler of l0% corresponding to a 
highway speed of approximately 100 Km/h in this sim­
ulation. Fig. 2 shows the BER performance for a two­
rransmit and one-receive ante110a system implem.cnti11g our 
proposed embedded A.lamouti SFBC scheme with di1fereot 
L. We observe tliat as [, increases, the BER perfo011ance 
becomes worse (due to less accurate assumption of Alamout:i 
matrix in (8) and increased difficulty in channel interpolation 
between pilot subcaniers), but the pilot overhead ts reduced. 

Keeping the same 1/'12 pilot overhead rate of the DVB 
standard, we insert a pair of pilots al every 24 subcarricrs 
(L = 24) and Fig. 3 shows the performance for this scenario. 
Since there is significant ICI, error floors are ohserved. with 
a I-tap FEQ with either perfect or estimated channel. To 
combat this ICI, we implemented our 3-1.ap FEQ design 
as described in Section 1JI which improves performance 
significantly. To estimate the 3 main diagonals of G, we 
implemented the reduced-Gomplexit.y hybrid channel es­
timation algorithm in Section IV and it results in only 

14 
St\'R (dB) 

16 18 20 

flg. 4. Alinn11u1j SFBC·OFDM with es1imatt~d channel. 10% Doppler 

2 dB performance loss from tbe case of perfocl channel 
knowledge. 

Finally, to realize additional spatial diversity gains, we 
increase the number of receive antennas to 2. Fig. 4 com­
pares the perfom1ances of the I-RX and 2-RX systems (with 
estimated channel) where the increased slope or the BER 
curves for 2-Rx is evident iuid results in additional ICI 
mitigation. 

VIL CONCLUSlON 

High mobility causes pcrforrnance-limiting ICI in MTMO­
OFDM receivers. We designed a novel SFBC-OFDM 
scheme and showe.d how to integrate it witb FIR IC.T­
mitigating equalization. To compute the equalizer coeffi­
cients, we showed how to estimat.e the fast time-varying 
Mf1'·10 channel matrix efficiently by ex.ploiting its sparse 
and banded strucLw·e in the Lime and frequency-domains, 
.rcspcct.ively. Simulaticm results for the DVB-H system 
demonstrate the effectiveness of the proposed scheme. 
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ABSTRACT 

In this paper we apply a new joint synchronization-pilot sequence 
(JSPS) optimization design technique to multiple transmitter 
OFDM systems. One objective in the design of the JSPS for MISO 
tr:msmis.-;ions is 10 eliminate the requirement for the different 
preamble fields 1N.:d for coarse and line synchronization and 
channel training. In this work, independent JSPSs arc d.:sign<;)d for 
each transmitter in a multiple antenna system, but are transmitted 
simultaneously from each antenna. Consequently, JSPSs can 
potentially reduc.:: the overhead of multiplt: antenna. preamble 
trnnsmiss.ions (imp.n>Ying bandwidlh emcicncy). T11c o~jec1:ive of 
this paper is to detennine the perfom1ancc a(h·antagcs of joint 
carrier frequency offset (CFO) and channel estimation using only 
the pilot portion of the JSPS. By jointly optimizing the position 
and power of each pilot across the !ransmitter antennas in Rayleigh 
fading channels with CFO, we ;:how> 15 dB SNR improvement in 
the performance of the channel estimator. 

index Terntt-Orthogonal frequency division mullipkxing 
(OFDM}, pilot symbol a,sisted modulation (PSAM), pilot design, 
MISO systems 

1. JNTRODUCTlON 

Orthogonal frequency divi;:ion multiplexing (OFDM) is an 
aaractive technique for high data rate transmission in multipath 
channels [l].. while multiple transmit antennas can he utili1..cd to 
improve diversity pcrfonnance and thus reduce the receiver 
demodulation bit error rate (BER) [2J. In many wireless 
applica1ions it is desirable to minimize transminer power in 
multiple antenna OFDM systems and thus coherent: modttlatio11 is 
commonly utilized for this purpose (as compared to difforential 
modulation ·which requires 2-3 dB additional powcr)[3]. Coherent 
OFDM, however, requires accurate S}1H;hruniwtion and channel 
eMimalion; otherwi:ie the pc:,wer :;tl.Vings of coherent modulation is 
diminished and becomes le~~ attractive as a preforcm;e over 
differential OFDM [4], Because of coherent OFDM's sensitivity to 
synchronization c1To1-, information packets arc typica.lly preceded 
by coars;eifinc synchronization und channel t:stimation preambles, 
which are commonly separated into two fie lds, each field with a 
di lforenl sequence I SJ. OFDM sys1ems have hee11 ;:hO\m to he 
particularly sensitive to carrier frequency ol1set (CFC>), which 

Th.is work wa5 supporl(•d in pmt by the lJ. S. Army Research Lnhormory 
under the Collaborative Technology Alliance Progrnm, Cooperative 
Agreem<:ntDAAD!9-0l-2-00l I. 
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causes inter-carrier interforence (TCI) and if left uncorrected can 
resul t in severe BER degradation at the receil'er {61. In addition. 
tmresolved CFO will also degrade charmel estimation and 
equalization due to :IC[ and uncorrected phase rotation over time. 

In this work, we develop a single sequence preamble (as 
opposed t.o two separate sequences) for preamble-based OFDM 
systems, where this sequence can be used for coarse 
synchronization (timing- and frequency-acquisition), tine 
synchrooi,.ation (lloe timing and frequency estimation) and 
channel eslirnation. Wt: denote this sequence as a joint 
synchronization-pilot s1.:qucnce (JSPS). JSPSs have been shown to 
be effective for frequency and timing acquisition [7) and smnpling 
1)tfset can be estimated jointly during the channel estimation pha~e 
[8J. We assume that the preambles for each antennu are !rnnsmitted 
simultaneously in one time slot (to minimiz.c preamble 
transmission overhead) and thus will interfere with each other. "Ille 
pilot pm1 of the JSPSs used fo:r channel training is designed to be 
orti1ogonal in frequency across all transmitter antennas. This 
characteristic enables robust and low complexity CFO and channel 
estimation at tile single antenna receiver. 

A number of joint detection methods have been proposed in 
the li~ratl1re for OFDM single-input single-output (SlSO) systems 
[9] (10] and for OFDM transmit diversity systems [11) with CFO. 
Similar to the idea in [ I J ], the preamble JSPS docs not assume unv 
specific space-time code as opposed 10 the space-time block-cod~ 
(STBC) bas<;)d iter.iiive detection method in [12]. The JSPS is 
designed to enable clecoupliog oft.lie CFO and channel estimation 
from the symbol decoding, which is attractive for low n::cci,er 
complexity, compared to hlind and semi-blind approaches [13)(6). 
The scope of this paper isto show that, within eachJSPS, optimized 
pilot positions ai1d power can yield improved CFO and chi1nnel 
estimation perfonmu1ce in multiple OFDM transmitter sy~tcms. 

This paper is organized as follows. Section 2 describes the 
OFDM MISO model. the multiple a111cnna preamble JSPS 
~equence is developed in Sect.ion 3, while the pi lot design part of 
the JSPS is described in Section 4. A robust pe1formance CPO 
estimation algori1hm, wilh low complexity, is detailed in Section 5, 
with performance resull~ presented in Section 6. Section 7 
concludes the paper. 

2. SYSTEM MODEL 

Figure 1 illustrates the basic structure of our OFDM system. We 
encode lht: data symbols using rate-·1 ~pace-frequency block-codes 
(SFl3C), which can he transmitted in 011.: OFDM block. duration as 
contrasted to a STBC OFDM system, which requires two OFDM 
blocks. We denote ;V as the iota! number of OFDM subcarriers. 
The ba~eband time•<lomain transmission signal, x. is structured 
such that preamble, x,,, pr,,cedcs information symbols, x.,, and thus 
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( 1) 

The preamble part, x1,, is not a Sf'BC, but is designed speciiically 
to enable course / fme synchronization and chaund estimation 
with low complexity at the receiver. Xp is the composite ba.,cband 
tnmsmitted preamble signal frorn both antc1mas and is denoted as 

A . 
x_,,::; I x~,, (2) 

;,-, [ 

,.vherc x~ is the JSPS from the ith transmit ,mtcnna and A i~ the 

number of transmit antennas. The data part. x". is encoded 
according to a. SFBC. For example if A ~, 2. the SFBC encoding or 
two symbols s0 and s1 is perfom1ed across two OFDM subcaniers 
f; and f;.,k us.ing the Alamouti code 121 as denoted in the lower 
right-hand wmer of Figure 1, where(-)' is the complex conjugate. 
operator. This process is continued until all !K,,! of the ,/.,/ OFDM 
subcarriers are assigned, where /(_,, denotes the data subcan-ier 
indexes and iKsA is the cardinality of K.,1- Since the tine CFO and 
channel can be estimated using the preamble part, x1• and if the 
channel is approximately constant over the pack.ct burst, then ll(,! 
= N • I.Ku!, where K,, denotes the null (unused) subcarrier indexes 
and JK11I is the number of null subctm-iers. 

The composite transmitted data signal. xd, can be written a~ 
,! ,~ ' 

Xtf = L,X11, (3) 
i '-'l 

where x;, is the SFBC vector data sequcnl-.:; from the ith tr.:u1smit 

antenna. If i is the same as x, hut with the eye.lie extension 
removed, then prior to the cydi.c extension, the baseband signal for 
antennai is 

{4) 

where ne{0, 1, . . . , N-1}. { . ..r, },1;e.t;·,
1

, {Xk t~K,,", and{Xi-1.,K,, arc 

the non-zero SFBC encoded symbols during the data. part the non­
zero part of the JSPS during the preamble part and a zero vector 
for the null ,ubc.u·riers at indexes, K,,, for hoth the data and 
preamble parts. 

The received baseband signal after multipath and CFO is 

(5) 

3034 

where /i[n] is a length-/, vector of the cham1cl impulse response. 
with Rayleigh distributed amplitude and each channel tap is i.i.d. 
complex Gaussian with ,..cro mean and var iance such that E[llf ] = 
I. c = 6/T., is the normal ized CFO with respect to the subcarrier 
spacing 1/'f., where T, = TN, T is the sample period, and w(nl is 
zero-mean additive white Gaussian noise with variance a,! and 

--~" is iJie cmwoh1tion operator. We note that x{nl is the same as x 
in (I), with the index II representing the nth element of vector x. In 
this paper, we assume coarse frame and frequency synchronization 
are achieved via acquisition of !he JSPS [141. Next we presenl 
algorithm~ to find the fine cro and channel frequency response. 
Both CFO and channel esfrrnators use the preamble JSPS, but 
because of the orihogonality of the tra.t1.smilter pilot paits of the 
.JSPS, the estimators iu-c completely decoupled processes and are 
thus ol'low complexity. 

3. MULTI-ANTENNA PREAMBLE JSPS DESIGN 

Design of JSPS is described in [141 for S:tSO OFDM systems, 
where synchroni✓..ation and pilot infomiation arc superimposed 
with the OPDM daia. The pilot part of the JSPS in ( 14j uses a 
parametric pilot optirnizatiou process to improve symbol 
csti111ation from the least-squares (LS) channel estimates (15][16]. 
ln this work, we extend the JSPS design i11'lroduced in 114] to 
multiple antennas. The pilol par1 of the JSPS is uti! ized for fine 
CFO estimation and also for channel estimation. In I l 5][ I 6) it is 
shown that uniformly-space.ct and constant-power ((JSCP) pilots 
are suboptimal. Accordingly, those authors propose a 11011-USCP 
solution for LS channel e~1imation that provides dramatic 
improvements over the USCP pilot schemes commonly used in 
OFDM. An alternative pilot design for OFDM systems with null 
subcarriers was proposed in { 17), but 1\,1.S shown in [16] to perfonn 
worse rhan the USO' scheme for certain channel orders. Thus we 
choose to extend the scheme in [15 I[ 16] for the multiple antenna 
pi.lot porlfoo of om .JSPSs rather than the one proposed in ( 17). 

In th is paper, ·we use N ~ 256 and !Kn! "' 64, where there are 
32 null subearriers on each band edge. Given we have chosen the 
null subcarricr location~. the next sk\p or the JSPS design is to 
dctcnnine the pilot positions and power loading for each antenna. 
The pi lol positions and powers for each antenna, respect ively, are 
denoted as Kµt , K1,i ,- . . Kv.1 and Ppi, f>pi•• .. Pr,1, where IKµ1I = 1)0d = 

K pl t;l-2 K ,,,; 

.. , "' !K,,~I and IPl'ifi) = IPp21i)= ... = _LPp.4(i]. Once these 
I ,,I ; ,,.J / ·'> ! 

pilot parameters arc determined for each antenna, the kflovcr 
positions are used for coarse synchronization information denoted 
as K.i, K,2, .. ,K.v1- all exhibiting a flat power profile in the 
frequency domain, with equal total power P., on each .K_,1, 

K,2, ... K.,.4 for each transmit antenna. We nOle that to provide 
frequency orthogonal pilots across transmitter antennas, if K,1,., 

K.,"2,., . , K.,,,A represents all possibk: suhl:imier positions, excluding 
A:,,1 =· K112 = ... = K._.r, then the ith transmit antenna power, 

(6) 

Once the pilot positions and power are determined, the method in 
[7] is used 10 ni l in the: remaining suhcarrie.rs for each antenna with 
synchronization in formation. 
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for the data pmi of the transmission, symbols are encoded 
using the SFBC rnelhoJ described in !he first part of Sec1ion 2. If 
no pilots arc required during data transmission, Ks', = Ks2 = ... =KM 

"'' K.,p1 ~ Ksp2 "'· . .. "" K,p,, and IK.,,j "" !K,1,,j. If pilots arc required due 
to dynamic channel conditions and CFO drift, where !Kpl pilots ar~ 
inserted every OFDM symbol for each transminer antenna, then 
IX:111 "' IK,p,1 - A·!Kp;!. Next we d.escribe the pilot parameter 
optimization for multiple antennas. 

4. MUL Tl-ANTENNA Pl.LOT OPTIMIZATION 

ln [15]116] a parametric pilot optimization process i~ proposed for 
SlSO OFDM systems. The parnmcteri.zation is accomplished using 
a segmented optimization technique. by applying boundary 
constraints to an un-trnctable non-linear discontinuous optimi­
zation. \Ve ex1end this technique to multiple-antenna OFDM 
systems. We will show from simulation that this extension pro­
vides near optimal perform.Mee whc.n compared to the pcrfcc.t 
channel knowledge case with no CFO. 

Candidate K,,, indexes for each antenna can be formulated a, 

J<,,1"" (im(/·-1 
,:- g1(1') j·re {0, 1, 2, ... ,IKl'A - I J, (7) 

tu1til the minimi;,,ing sel is found for each transmit antenna. The 
domain off is restricted to [l, NI. where/ is a one-to-one mapping 
such that K1,; "' F1<i:i) and S is a circularly shift.ed version or Kpt• 
Following the procedure in (I 6], a cubic function is used to 
parameterize the pilot subcarricr positions according to 

g;( r) = a,,.r' ..- a2;i + a11-t + ao;. (8) 

Given that the number of non-null subcarriers for the ith antenna is 
denoted as N; and deno1ing the middle of the non-mtll subcarriers 
as ½. the constraint equa1ions become 

(I K • l - 1) g; 1; "'li2 (9) 

g;(0)::: ·-(N; --1)/ 2 + 8; (HI) 

g ;(IK,. l -l)"'(N;+ l) / 2-,5; (II) 

g;(0)>0, (12) 

where 4 represents the distance the edge pilol:; are from the signal 
band e.dges. Using the conslraint equations in 19)-( 12) m1<l the fact 
that the edge pilot placement should be no further from the signal 
band edge than the average pi lot spacing, three of the five 
variables can he el iminated and thu~ the op1imization problem in 
(7) is greatly simplified. We note that once K1,; is found »tarting 
wi1l1 antenna. i, then Kp; ate excluded from rile set: for the next 
antenna pilot positions and so on until K1, arc determined for all 
antennas. TI1c composite pilot sequence from nil antennas ca.n be 
positioned in any non-null subcarriers and are placed 
symmetrically about the center ol" the s.ignal band. Without loss of 
generality, the pilots are placed sequentially from left. to right 

giving g;(r) a positive slope. Jf Kp; represents the ith antenna 

<.:andidate set of pilot subcarrier positions and extending the single 
ante1U1a optimi:t..alion [ 161. the pilot powers are found by solving 

l~i I 
:irgmin l!Au!L, , suhjec1. to 2., r

0
J:· = Ep, 

u k=tlli .iA (l 3) 

Kp; "'K1,,, [u]. > O'<fk, 

where L~, is the power allocated to ll1e pilots .. A is the element-wise 
magnitude square of the matrix Q,.,Q;,. , where Q ()i = [Qk ,.i;,2 . . i.;, 
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Q,, = [Ot· .. :u .... ,./, Ot,• = ,v··J, , .:xp(-J2tr(n--))(k - t)! V),l $ k, n $ N, 

and the LS channel estimator is 111 =Q.,Q; Y.;' tx;;r • (CFO = 0). 

The LS estimator data subcarrier MSE of the channel e~'timate i$ 

approximated by z ,,q!iag{a! Q Q',t> . . Q"'Q" } , whc1~ x ~arc , EF .-.J I-'• :x,:,1· · r' "' 

lhe it.h antenna modulated pilot values, D11 is a. diagonal ma.fr ix with 
diagonal clements lrom vector u, Q .. and QH denote the pseudo 
inverse aod Hcnuitian tran:.posc of Q, 1~spcctivcly. 'Ibc 
transmitter pi lot optimization doe;, not require channd knowkdge. 
At the receiver, C.FO estimation is performed prior 10 channel 
estimation. 

5. CFO ESTlMA TlON 

The CPO is estimated prior to channel estimation. The preamble 
part for each antenna is comprised of one JSPS followed by 
another JSPS (i.e .. [JSPS .ISPSI) [6]. The CFO is estimated by 
measuring the phase change from JSPS-to-JSPS along each pilot 
subcanil:r k. We can write 1he received vcr.;i11n of preamble .ISPS 
pai1 of(l) 8.'>Yp, which can be separated into two parts such that_vr 
= [~'"t yl'2 f The frequency domain pilot. part of the y1,1 and Y,11 
signals for the ith transmit antenna (ignoring receiver noise, 
assuming L < cyclic prefix length and 1he CFO IC! is paii of the 
channel frequency response, ll;) can be approximated as 

l·P - vP H P ,-J21rc·;1.v aod 1•P - vP H P e- f2tmi !N "Sl'}'C-
HI - ;'}. ktl kilt · ki2 - /\ k,2 ki2 , l '-' r- i.,:. 

tively. If the phases t;,.,. and ¢!,;2, are computed as L Y1f.1 and LYl2 , 

respectively. then the CFO is cstimau;d according lo 
:K ,.. ·-ll 

CFO; =z
1
, I:<@k!l~kil)·Vki• (14) 

1l, " ;..~o 

where vA, is a weighting vector of siz.e JKp;! based on the received 

pilot power. If Pkll ::::: rJ:1 • (Yk~) •, then vk can be written as 

. _ (?ii,1 +.P;,z)i2 ( 15) 
\,~.,· .... lKp;-H 

L U'..n + P,.,2) 12 
, ~o 

This CFO estimator has low complexity and is decoupled between 
1ransmi1.ters. This decoupling berwccn each antenna means that we 
can explo·it both estimates forreduced estimation variance. 

6. PERFORMANCE RESULTS 

Unless otherwise specified, the SNR is defined as £/No, where 1(, 
is the energy in a single constc!lation symbols ,md N,; = 2 a~. is 
the noise spectral density. The lcfl plot in f'ig11re 2 shows the MSE 
profile for antenna I of a 2-transmittcr system using the 
optimization procedure outlined in Section 4 for two values of ay. 

The USCP pilot design ()Ccurs wh.:n a3, "' 0.0 and as1 "' -0.057 
provides a flat maximum MSE profile, which we denote as the 
"optimizelf' pilot design in subsequent plots. The MSE profile for 
antenna 2 is nearly identical to that. of antenna I, so it is not 
shown. The l"ight plot in Pigw-c 2 compares the channel estimate 
ma,'(imurn MSE in an L "' 16 tap multipath channel as described in 
Section 2. The optimized scheme perlbrms greater than 15 dB 
better than the USCP scheme. 

Simulated MSE r~rformance of CF01 in ( 1•1-) for IK1,!=L=16 
lap Rayleigh channel and CFO, e1 = ~2= 0.25, is shown in Vigure 3 
f.or both pilot schemes. SNR in Figure 3 is defined as foe JSJ>S, x", 
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F(g. 3. CFO, MSE for USCP and optimized pilots. 

signal-to-noise power. a ~ i o-; . The MSF is measured according 
· r 

lo E[!CFO, • 4f!2J. For CFO c~timation, the optimized pilot design 
works slightly better thnn OSCP pilots withom weighting. Once 
weighting is utilized according 10 (15), a factor of 10 reduction in 
MSE performance is found. In 1he weighting case both pilo1 
schemes pcrfonn equally wdl. 

Demodulated BER performance-is mea<;ured for A-=2 transmit 
antennas and one receiver antenna SPBC-OFDM system. BER 
performance is compared in Figw-e 4 for channel estimation wilh 
and without CFO C(HTection. Without CFO con-ection, the induced 
CFO is. €1 '" 1;.2"' (l.05 (0.2 kHz), while for the c,L<;e with Cf() 
C01Te1,;1ion, 1,1 = li2 = 0.25 (1 kHz.). A maximum likdihood decoder 
is utilized, as defined in [2]. When the CFO is not con-ected, both 
the USCP and optimized pilot schemes deg_rade severely. When 
the CFO is estimated and corrected (denoted as the "w/C" curves) 
prior to channel estimation, the optimized design performs nearly 4 
dB beltcr IJmn USCP and within -- 0.5 dB of the perfoct channel 
state information (PCS!) curve. 

7. CONCLUSIONS 

A new panuTietric pilot optimization scheme was developed for 
multi-antenna OFDM transmission systems. The optimized scheme 
provides > 15 dB improvement in maximum MSE LS channel 
estimation performance compared to uniformly-spaced consta111-
power <USCP) pilots. The opiimized pilot scheme MSE 
pcrformanc.:: wai shown to be equal or better than USCP pilots for 
ca1Ticr frequency offset (CFO) estimation. For demodulation BER 
pertormane<! of SFBC-OFDM, tJ1e optimized pilot. scheme 
performs at least 3 dB better than USCP. 
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Intercarrier Interference in MI.MO OFDM 
Anastas ios Stamoulis, Suhas N. Diggavi, and Naofal AI-Dhahir, Senior Member; IEEE 

A b.vtract-[n this paper, we examine multicarrier transmission 
over time-varying channels. We first develop a model for such 
a transmission scheme and focus 1rnrticularly on. multiple-invut. 
multiple output (MIMO) orthogonal frequency division multi­
plexing (OFDM). Using this method, we analyze the impact of 
time ,,ariation within a transmission block (time variation could 
arise botJ1 from Doppler spread of the channel and from svnchro­
nization errors). To mitigate the effects of such time va,:iations, 
we l)ror)ose a time-domain ar,pro:1ch. We design ICJ-mitigating 
block linear filters, and we examine how they are modified in the 
context of space-time block-coded tr:msn1issions. Our approach 
reduces to the familiar single-rnp frequency-domain equalizer 
when the channel is block time invariant. Channel estimation in 
rapidly time-varying scenarios becomes critical, and we propose 
a scheme for estimating c.lrnnnel parameters varying within a 
transmission block. Along with the channel estimation scheme, 
we also examine the issue of pilot tone placement and show that 
in time-varying channels, it may be better to group pilot tones 
together info clumps that are equispaced onto the Fl<"f grid; this 
placement technique is in contrast to the common w·isdom for 
time-invariant channels. Finally, we prov ide numerical results 
illustrnting the pel'fonnance of these sc.bc1ncs, both for unc.ocled 
and s pace-time block-coded systems. 

lmlex Jerms-Channcl cstimntioo, Do1l11ler, fost fading chan­
nels, interc.arricr interference, l\flMO, multicarric1· transmission, 
pilot tones, wireless transmission. 

L lNTRODUCTION 

T HE explosive growth of wireless communications i.s cre­
ating the demand for high-speed, reliable, and spectrally 

efficient communication over the wireless medh11n. There are 
several challenges in attempts to provide high-quality service in 
this dynamic environment. These pertain to channel time-vari­
ation and the lirn ited spectral bandwidth avajlable for transmis­
sion. In this paper, we are concerned with the role ohime vari.­
ation in transmission of nrnJtlca.tTier modulated signals and the 
design of schemes to handle such variations. 

Mullicarrier Lrnnsmission for wireline channels has been 
well studied f l]. The main advantage of orthogonal frequency 
division multiplexing (OFDMt ) transmission stems from the 
fact that the Fourier basis forms an eigenbasis for time-invariant 
(DMT) channels. This simplifies the rece iver and leads to in­
expensive hardware implementations, as the equalizer is just a 
single-tap filier in lhe frequency domain (under tl1e assumption 
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11-'or wireline {i-ansmissions_. OFDM is commonly refon-ed tons discrete mul­
titone f I .I-

that the channel is time-in.variant within a transmission block). 
Furthermore, combined with multiple antennas l2l [3J, OFDM 
modems are attractive for high data rate wireless networks 
(wireless LANs and home networking). However, the block 
time-invariance assumption may not be valid at high mobile 
speeds or when there are impairments such as synchronization 
errors (e.g., frequency offsets). Tn such situations, the Fourier 
basis need not be the cigenbasis, and the loss of orthogonality 
(of the carriers) at the receiver results in intcrcarrier interference. 
(ICI). Depending o:n the Doppler spread in the channel and 
the block .length chosen for transmission, !Cl can potentially 
cause a severe deterioration. of quality of service (QoS) in 
OFDM systems. Esse:ntially, ICl arises from ''time-selectivity" 
of the channel and, therefore, is the frequency-domain dual 
of the intersymbol interference (1Sf) seen in single-carrier 
transmission over frequency-selective channels. 

Given the direct relationship between achievable data rate and 
the signal-to-inter-carrier- interference-plus-noise 1-atio (S!NR) 
at evety subcarrier (see, e.g., [.I )), 1CI has a negative impact 
on the data throughput as it effectively decreases the S1NR. 
Stait:ing from an analysis of the .ICT impact on system perfor­
mance, we develop herein an JCT mitigation scheme for both 
si:ngle-input single-output (SJ.SO) and multiple-input multiple­
output (MlMO) OFDM systems. founded on optimum block 
linear filters and practically realizable channel estimation tech­
niques, our proposed scheme significantly improves the SINR 
(which serves as a figure of merit for the system perfor.mance) 
over a wide range of channel and syslem configurations. 

In SlSO OFDM, carrier frequency errors induce a structured 
IC! pattern that can be eliminated using either training-based 
or blind techniques (see, e.g., [4] an.d references therei11). The 
frequency oftset manifests itself as a multiplicative fac tor in 
tl1e frequency c:h.annel response (at each subcarrier of the FfT 
grid), and once the frequency offset has been estimated, it can 
be removed rather easily. Without estimating the carrier offset, 
transmit precoding can be employed to suppress its impact 011 

ICl (see, e.g., [5] and references therein) . On the other hand, 
Doppler-induced IC! appears to be more challenging. ln SlSO 
OFDl'vl, previous studies have quantified the effocts ofJCI on the 
system perfomrnnce. fn (6], a central limit theorem ar<Jument is 
used to model lCJ as a Gaussian random process and quantify 
its impact on bit en-or rate (BER), whereas [7j presents results 
for a number of different Doppler spectra. rn [8], the focus is on 
the wide-sense stationary uncorrelated scattering (WSSUS) [9) 
channel to show that if the OFDM block duration is greater than 
8% of the channel coherence time, then the SJNR (due to ICI) 
is .less than 20 dB (see also [10] and references therein). 

Similar to SISO OFDM, MIMO OFDM is sensitive to 
Doppler and carrier frequency errors that destroy the subcar­
rierorthogonal ity and give rise to !CL MIMO OFDM may be 
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equipped with transmit and/or receive diversity (see, e.g., [2] 
and [1 l]) and may build on beamfotming, space-time coding, 
and interference cancellation (to name jus-t a few techniques) 
to increase the achievable data rates over the wireless medium. 
Onr !CI-mitigating designs encompac,s generic MIMO OFDM 
systems. ln pa1ticular, for space•timc-coded transmissions, we 
illustrate through simulations the significant SINR gains by our 
approach. 

Compensation for Doppler-induced fC:l hinges on the estima­
tion of the lime-varying channel. \½en the OfDM. block dura­
tion is less than 10% of the channel coherence time, ( 12) argues 
that the channel can be assumed to vary in a linear fashion ( and 
as a result, it can be obtained by linear interpolation between 
two channel estimates acquired from training blocks). When 
the OFDM block duration is much smaller than the channel 
coherence time (relatively mild Doppler), the channel can be 
assumed approximately constant (over an OFDM block), and 
its estimation has been thoroughly studied (see [ 10.l and refer­
ences tlierein). for rapidly time-varying environments and for 
the cases where the channel obeys a parsimonious model. tech­
niques in [13] and [14] can be used for channel estimation and 
tracking. ln this work, we look at severe Doppler cases, where 
the channel can 110 longer be assumed constant within a trans­
mission block: for such rapidly time-varying channels, we de­
velop a novel estimation method. 

Our contributions in this paper can be summarized as follows. 
• We develop a model for intercarrier interference appli­

cable to MJMO channels. 
• We present an ICI analysis for MIMO OFD.M. 
• We propose a time-domain filtering scheme for mitigating 

lCl. 
• We propose a channel estimation and tracking scheme for 

estimating the time-val'ying (within transmission block) 
cl1annel parameters. 

• We propose a pilot tone placement scheme (which works 
in conjunction with the channel estimation scheme). 

The following is an overview of the pap-er organization. In 
Section 11, we present the model and the notation used in the 
paper. We present an ICI analysis for MIMO OFDM in Sec­
tion TH, and in Section TV, we develop optimum block linear fil­
ters that suppress .ICI and yield significant SlN.R improvement. 
In Section V, we address the problem of estimating a rapidly 
time-varying cha1mel, and i.n Section VI, we present illustrative 
simulations. Finally, in Section VII, we conclude with some dis­
cussion. 

Tl. DMAMODEL 

The input data {:r( k)} is passed through the filter g( t) to 
produce the transmitted signal s(t). The received signal can be 
written as 

v"'(t) = / h~( t; 7' )s(t - r)dr + z( t) (1) 

where h_,(t; r) is the impulse response of the time-varying 
chairnel, and z(t) is the additive Gaussian :noise. We collect 
sufticient statistics through Nyquist sampling. The basic idea is 
that ifwe sample at a rate larger than 2(Wr + W,,) , where W 1 

is the input bandwidth and vv:. is th.e bandwidth of the channel 
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time-variation [ I 5], then we get Nyquist sampling. A careful 
argument about the sampling rate required for time-varying 
chaimels can be found in [ 1.6]. ln this paper, we assume that this 
criterion is met, and therefore, we have the discrete-time model 

v-l 

y(k) = Vc(kTs) ::::: L h(k: l)~c(k - l) + .:c(k) (2) 
lz<) 

where h(k; l) represents the sampled time-varying chairncl im­
pulse response (w'hich combines the transmit filter 9( t) with the 
physical channel hJt; r )). Tbe approximation of having a fi. 
nite impulse response in (2) can be made as good as we need 
by choosing,, [16]. In this paper, we focus on the discrete-time 
model given in (2). For the case of multiple transmitter and re­
ceiver diversity channel with kl;. receive and Mt transmit an­
ten:nas, we can easily generalize this model to 

··•-1 

y(k) = I: H (k: l)x(k - l) + z(k) (3) 
l=O 

where H (lc; l) E cM, x M, is the ltli tap of the matrix response 
with 

x(k) E c,H, 
v(k\ E CM, 
V J 
z(k) E CM. 

input; 
oui.put; 
complex additive temporally-white cir­
cularly-symmetric Gaussian noise with 
z (k) rCN(0,R2,..), i.e., a complex 
Gaussian vector with mean O and covari-
ance R.c,z • 

'llle noise is assumed indepe11de11t of the input. Throughout this 
paper, we impose an average power constraint on the input that 
is assumed to be zero mean, i.e., E[ll x(A:)!12J s P . The spe­
cific structure of { H (A:; l) } could be constructed by assigning a 
special structure to H :(f; -;-) (for example a discrete multipath 
channel). 

Over a time block of N symbol durations, (3) can be ex­
pressed in m<1trix notation as 

y = Hx + z (4) 

w.here y,z E cN.M, , X E c N ,M, , and H E cN,/11,.xN.M,_ We 
assume that a cyclic prefix of length equal to channel memory 
is inserted in each input block to eliminate interblock interfer­
ence (181). This prefix serves just as a guard interval between 
blocks when we have channel time variation with.in a transrn is­
sion block. However, when the channel impulse response (Cl'R) 
is time invaiiant over the block, the cyclic prefix serves the role 
played in OFDM. i.e., H becomes a block-circulant matrix. 

Now, let us consider OFDM transmission, where each of the 
Aft time-domain JV-dimensional input vectors in :x is generated 
by taking 1DFT of an iufomrntion-bearing vector, i.e., 

X = Q (Tx)ffX (5) 

where2 Q (Tx) = Q 0 IM, (® denotes the Kronecker product 
(17]), IM, is the identity matrix of dimension .i\t/.t, and Q(l , /;;) = 
1/✓Ne-:i(Zr./N)tk for Os l, k :SN - l is the standard JV-di­
mensional DFT man·ix. We will first develop more detailed no­
tation for the case Iv!,. = Mt = l , and then, the genc.ralization 
would noi be difficult. 

1Wc denote complex matri~ transpose with superscript H, complex conjuga• 
ti\,n by supen;cripl ~, and mntrix transpose by superscript T. 
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We can write the outp11t of the DFT at the receiver for a time­
block [- (i, - 1), . . . , N - l ] (where N is thenumberof carriers) 
as 

N--·1 

Y(v) = G(p, p)X(p) + L G(p, q).X (q) + Z (11) (6) 
q .·.·•) 
p·~ 9 

for r1 "" 0, ... ,N -· 1, where Y(p), X (p), and Z(v) are the 
.DFTs of fo(J.:)}, { x(/c)} and {z(k)}, respectively. We h~ye also 
defined G(p, q) as the (p , q)th element of G = QH.(N) Q H/N. 

Here, Q is the DFT matrix defined as QH = [q0 , .. . q!\' ... i] 
and q,, = 1/~lV[l, . .. , exp(j21rs(N - 1)/N)fl', and H.(N) is 
the equivalent channel man-ix including the effects of the cyclic 
prefix (used in OFDM) defin.ed a~ (7), shown at the botto111 of 
the page. We can easily evaluate G(rn, s) as 

N-l i..--1 

O(m, s) ~ 1~ L L h(r; l)1/ 2m·(~-m)/Ne-j2r.,rl/ N'. (8) 
,·=0 l=O 

Note that the form of the model in (6) is applicable to more gen­
eral transmission scenarios than using Of DM. We can replace 
Q by any arbitrary matrix B , and for a given structure of the 
guard interval (prefix), we can find the specific structure of G 
[as in (8) for OFD.M] for that case. 

In the case when we have transmit and receive diversities, we 
can modify (6) to 

N - 1 

Y (v) = G (p, p)X(p) + I: G (p, qJX (q) + Z(p) (9) 
q::r} 
<f -.i-p 

where [G(v, q)].i.j = [QH(•.:i) (~H /N]1,,,1, l $ ·i $ M,., l $ 
j $ Aft, 0 $ p ·::; N - l , 0 $ q $. N - 1, and H (;,i) is the 
equivalent channel matrix fas in. (7)] for the time-varying TSI 
channel between the ith receiver and the .ith transnritter, which 
is denoted by { h{U)( /.:; l)}. Tn addition, the received vector for 
the r;th frequency bin is Y (p) = [Y(l\JJ) .... , y(M,.)(p)fl', 
X (p) = [X i1i (p ) , . .. , )((M, )(11)]7' is the transm itted vector for 
tlie pth frequency bin, and Z(p) = [z C1>(p), . . . ' z (Mr)(p)]1" is 
the noise vector. We can rewrite (9) in compact form as 

Y = GX + Z (10) 

where the (p, q )th block of G is given by G(p, q), Y = 
[ • ) Y ( 11.r )]'i' - r ,V.M.- X _ 'X ' )\ X ("T Y (O,, .. . , _1,-l E 'L. · , -t. (! 1 , . . . , n-

l)jT E (:!Y.M,, and Z = [Z(O), . . . ,Z(N - l)j'r E C'UH, •. 
We can also write the matrix G in more compact notation as 

G = Q (Rx) HQ(Tx)H (l I) 

where Q (R.x) :.:;: Q ® l ;\1~, Q (Tx) :.;:.: Q ®I M, , and H is obtained 
from (4). 

h(0;0) 0 
h(l ; 1) h(l: 0) 
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lll. JCT ANALYSIS 

We start with the data model given in (9) 

N--·1 

Y (m) = G(-m, m)X (ni)+ L G(m,n)X (n.)+Z(m). (12) 
'I) :-:-') 
u:/:~;~ 

We are interested in findina the covariance matrix of 
the TCl (with noise) Z(m) =- Zrc1(m) + Z(rn), where 
Z rcr(n) = ~ ,::·: 01 G (m, n)X (n). In order to find the co-

variance of Zr~;;c.;:), we need to make a few simplifying 
assumptions. 

• Each channel {Jt(i,11(k;l)} is modeled as a 
WSSUS channel, i.e., E[Mi,i l(k; l)hli.i}•(k;n )] = 
E [l fiCi ,j)(k; l)! 2]b1_,, . Moreover, the channel is modeled 
as a complex Gaussian stochastic process. 

• The channel between the 'ith receiver and the jth trans­
mitter is uncorrelated with the channel between the kth 
receiver and the lth transmitter when i -:fa k or .i f:. l . 
That ·is. elements of H (i,j) are uncorrelated with the ele­
ments of fi(AJ). Moreover, we assume that the channels 
{h(i ,J)(k; l)} are identically distributed over { (i , .i)}. 

These statistical assumptions on the channel are not crucial, 
and the analysis can be accomplished without these assump­
tions. However, they do simplify the algebra and expose the im­
po1tant issues that we need to point out. Given these assump­
i-ions, we can make the following observation. 

Fact f/1. I: TI1e elements of the matrix G (-m , n) are indepen­
dent and identical.ly distributed (i.i.d.) Gaussian ra11dom vari­
ables. 

Proo/ As [G(m, n)l,: ,; = [QH(i.i)Q JI /N]m.,», the ele­
ments ofG(rn., n) are i. i.d. complex Gaussian because the chan­
nels H (i,j) are modeled as complex Gaussia11 and independent 
across the transmit and receive antennas. D 

Given these statistical assumptions, we can now proceed to 
evaluate the covariance of Z rc1( n) 

E[Zro(n)Zf[ 1(n)] 

= E [ ~ -~ G(m, p)X(p)X 11(,,)G1\ m, ")] 

i\' - 1 :'1.' - ·l 

= L L E[G (rn,p)R xx(11, n) GH ('m,n)] (13) 
}'::i) : ;; :::i,.l 

:t~:n t>.;,:n: 

h(0;2) 
h(l ; 3) 

h(O; 1) 
h(1;2) 

fi(N) = h(1.1 - 1;,., - 1) h(,., - l;i1 - 2) 0 0 (7) 

h(N - 2;0) 0 
0 0 h(N - l;l) h(N -1;0) 
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where we have defined R xx(P, n) = E[X(v)X11 (n)]. Equa­
tion ( 13) indicates that the basic component of the calculation 
is E[G (m,7J)R_\'x(v,n)G fl(m.,n)]; this is what we focus on 
next. 

We star1 from the observation that we can do an eigende­
cornposition of the signal covariance matrix as Rxx(p,n) = 
U(JJ, n.)A x(v, n)Ull (p, n), where U(p, n) is a unitary matrix. 
from Fact JIU), the matrix G (m.,v) has i.i.d. Gaussian ele­
ments (i.e., G (m, p) is isotropically distributed), which implies 
that the matrix G-(rn, p)U(p, n) is dlstributionally equivalent 
to G( m, v ) (note that if we apply a unitary transfom1ation on 
an i.i.d. Gaussian rnatTix, the resultant matrix is also an i.i.d. 
Gaussian matrix with the same dislTibution). Hence, we can 
rewrite E[G (m,p)R~y x(v,n)G11 (m,n)] in the following way: 

IE[G(rn, p)R _\· x(p,n)GH (rn, n)] 

= E[G (m.71)Ax(P, n)Gfl(m, n)] (14) 

where Ax (p, r,.) = diag(..X 1 (p , n), . . . , >.M, (p, n)) is a diagonal 
matrix of the eigenvalues of Rx,,: (p, n). 

Now, let us examine the elements of the matrix given in. (14). 
The (r, s )th element is 

{ E[G(m., p)A x (r,, n)G H (m, n)J},.,. 
M i 

== L >.k(p, n)f. [ {G(m, p) },-,k { G 11 (m, n) L,, .. ] 
k""l 
Ad', 

(,,.) ~ . = L... >.A:(P, n)E 
k:=l 

x [{G(rn,p)},.,k {Gl:l(m,n.)}k,,•j ti,•-,; (15) 

where (a) is due to the assumption that the channels on dif­
ferent links are uncorrelatedi . Hence, the component matrices 
IE[G(rn, 7,)R x x(p, 11)G 1r (m, n)] are diagonal (a direct result 
of the fact that the channels are modeled as being spatially 
w.hite). 

Using the WSSUS modeling assumption and using the 
Fourier basis, we can write 

E [{G(m.,71)},-,k {GI-/(m,n)}k,r] 

= --~--- (~ e -j2r.l(p-n)JN ) ;y2 L..., , 
• l=O . 

N -l N- l 

X L L r1£1i(r 1 - r2)c/2-::r-1(1,>- m)/N e - j2-r.·1'J(n- m.}/N 

·r,. =Or:, =0 

where we have defined rM(r 1 -- r2) 
h,(A•,>')*(r2; l)j . 

(16) 

}This can he seen from the fact Hmt [G (,n. p)] , .. , = [(,lH (•,n Q Hj:VJ • ..__,, 
and !GH ( m. , 11 )].., ,, "" IQ H (,, .k)HQH (VJ,,, _,., which shows that if,. f. s, 
rJ1en [G (m., p)]r.1. and (G" (m. , 11.)h,.., arc uncom:lated. 
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Consequently, as the channels are spatially independent, we 
can write the covariance matrix of the lCJ as 

iE [Zrcr(n)Zfo1(n)j 

= 't 1 't tr(A.tr n)) ( ~ e - j2r.l(p- i,)/!\/ ) 

1-••.•:o ,v.••1 l ::.=.O 
1,.f,m. t; .j.~~ 

vvhere tr(.) denotes the trace of a matrix. 
This analysis po.ints to a few issues worth noting. 

The !Cr is accent11ated with the presence of multiple 
transmit antennas (i.e., .M.t > I). 
The covariance of the ICT is spatially white in ( I 7) due to 
the assumption that the channel matrices H (i,J} were as• 
sumed to be so. We can analyze spatial conelation with 
similar techniques, but the expressions tum out to be a 
.little more complicated without adding much more in­
sight. 
Multiple-receive antennas could be used to mitigate the 
TCI. For example, the ICl term in (12) can be seen as 
.interference, and hence, using multiple receive-antennas, 
we can do either zero-forcing or MMSE interference sup­
pression purely in the spatial domain [18]. 1·:fowever, this 
might require many receive antennas, depending on the 
amount of dominant JCT. In order to also utilize the ad­
ditional available degrees of freedom (dimensions) in the 
time domain, we examine next a combined time and spa• 
tial domain approacl1. 

IV TIME-DOMAIN JC! MITfGATION TECHNIQUE 

Henceforth, we focus on the case M, = Ai,. = M as it brings 
out the essential ideas without unduly complicating the a lgebra. 
Extendil1g the analysis to the general case is straightforward. 
Therefore, as A1,. ,::.: Af, :.;.;: i\.1, for notalional convenience using 
( 11), we write Q = Q (.R."-) = Q {'I'x)_ 

1o combat IC!, the length-JV Ji received vector y is multi­
plied by an NM x N IVI matrix ( con-espondi11g to an NM -tap 
lime-vaiying filter) W resulting in 

y = \-Vy :-~ W (Hx + ~) = WHx. + z (17) 

v.'here the colored noise vector z has auto-co1Telation matrix 
R.,., = a; WvY H. Taking the DFT of both sides of ( 17), we 
get 

y <~Qy = QWHQ11X+ Qz 

1J/(.;.x + z. (18) 

Note here lhat G captmes the effect of filtering with W . In 
contrast, in ( 10), G captures the effects oflCTbefore the filtering 
operation. Next, we show how to design linear IC l-cancellatior1 
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filters for OFDM. We start with the S.ISO case (lvl 
then extend the design to the .MIMO case. 

1) and 

A. Optimum Linear !Cl-Cancellation Filler/or SJSO OFD.M 

Using (18), we can express the SINR at the rnth frequency 
bin (1 $ m $ N) as follows [19]: 

SINR 
_ E~:,m !G(n,., m)l2 

oi -1 . .., +~ .. . "> 
;,..7h·(Rz1:) + }: f;x,n!G 1_m , n)I~ 

n,brn, 

(19} 

where E'x ,n is the input en.ergy allocated to the nth freq11ency 
bin. We assume that the channel is un.lmown at the transmitter. 
Therefore, the tota.l input energy E x .toe is divided equal.ly across 

all f• b' • E' (E" • I , . \<l«fE l r d I • requency lllS, l.e., ;;·,n :::: ' x,~o, , iv .J ::::: • ,,. . ,n ert 11S as-
sumption and defining e.; to be the i.th unit vector, (19) becomes 

SINR,,, 

s~n + e{f.QvVHQfl ( ~ e,,e,~) QHil\V lfQHe,,, 
\ n.;,:·>n 

q !!, W hrn h~: \V l1 q m 

w lI ( -..--l ---I ,i\' + R ) w .. 
in SNH . : • m. , 1•' 

(20) 

. l ' d fi S £ / ·2 • ,!!fQ}l \.\·here \Ve 1ave e .111ed ~ NR ::::::; :t~ o ::. , q.,," - e,n, 
h ,.,. = H q ,...., w ,,, = wRqn,., and R m. = H Q11 (I N -
eme;;, )QH H = HH1:1 - h.,.,ht,~. Fu1thermore. we assumed 
that w!,; w m = l for 1 $ rn $ N , which implies that 
tr(\-VWH) = I::~..,1 w!{w,,, = N. 

The achievable bit rate in an OFDM system is (approxi­
mately) given by [ 19] 

[ 
V l ~ SlNRm 

Rate = L log2 ( 1 + - 1-, - ) 
m = l • 

(21) 

where r -~ b m/:h,-)( q- 1 (I-~/ N (!.))2 is rheSNRgap (assumed 
the same for all frequency bins), the CJ-function is defined by 

"00 ~ ' ? Ct(:r.) = J,, ex 1-da: , and 'Ym and ~1c. denote the desired per-
formance margin and overall coding gain, respectively. Further­
more, P~ and iVe. are the target probability of error and the 
number of nearest neighbors in the used signal constellation, re­
spectively. it is clear from (21) that optimizing w,.. (and hence 
W) in (20) to maximize SINR,,, also maximizes the bit rate in 
(21). 

We have the following optimization problem: 

subject to w~', ( S~R I + Rm) w,,., = J. 
:I 11 l a11c ,vm·w.,,, = . 
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This is a standard generalized eigenvalue problem whose solu.­
t ion is determined as follows. 

1) Define tl1e Cboleskv factorization R ~rfl / S V RH + ., rft , , .... ·1 

R •t.fLL H 
'f lt - • 

2) Compute the dominant eigenvector ( call it vi) of the ma­
trix L -· l hrnh ;,;,L- H. Now, since the matrix hmh!/i is 
rank-J. it can be shown that v1 ::;: crL - 1h r,.. , where n: 
is a constant that makes v 1 a unit-norm vector. 

3) Compute wm,<>i·,r. = L- ll'v1 = ,@R ;;;_1hm, where the 
constant / :/ is chosen to make Wm,op, a unit-nonn vector. 

4) The corresponding optimum SINR for the mth frequency 
bin is 

S·tNR h HR- - 11 ' n t,,op t = rn m. l,n • (22) 

B. Alternative Form 

We can avoid the need to compute R.;;} for each mas follows. 
Using the matrix inversion lemma, we can write 

Therefore, only one inverse, namely, that of the output auto­
correlation matrix Ryy, needs to be computed. Jn summary, the 
optimum filters Wm,op t. are computed as follows. 

I) Compute R ;;; (using channel estimates obtained with 
pilot t.o.nes and interpolation or usi11g an ensemble average 
from several received vectors y ) . 

2) for each frequency bin 1 ::; m :S N , compute the fol-
lowi11g. 

a) w m = R;,-;; h,.,.. 
b) \V"m ,opt = Wm / lw ,,. 1. 

c) The corresponding optimum SfNR for rnth fre­
quency bin is 

Finally, we 11ote that computational complexity can be forth er 
reduced using a low-rank approximation ofRyy (this techll'ique 
has been \ tsed in (20] as part of the channel estimation process). 

C. !Cl Cancellation Filterfbr MlA:tO OFDM 

We can express the SINR for the )th transmit ~ntenna and 
the k th frequency bin, which is de11oted by Sl.NRt, in MTMO 
OFDM as in (24), shown at the bottom of the next page:1 

Assuming that wt' w1 = l for 1 $ l S: 1'vlN, we have 
I::':,1 w[~v1+,.WkM+ •· = M , and hence, tr( \ VWll) = NM. 

/4Note that in the MlMO c~se., we define intercarrier interforence to include 
interference. from all other fu:quency bins for the same antenna and interference 
from alt fr~'quency bins (including kth) for other amennas. 
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Therefore, (24) becomes [using (18)] the second equa­
tion at the bottom of the page, where we have defined 
qi = Q1.lei , h; = Hq;, and w ;. = \l\Tflq i . rf we further 
define R 1,,j = (1/.M.SNR)lNM + HHH - h 1,,M+J hfw+; and 
. - Jf 
R 1,;1 = h h.M+:ihkM+J ' we get 

where we have 1;nade 
diag(R 1cj , ... ,Rkj), R ..._______, 
--JI if w H 
wk = [ wkM + l '.H!/'+2 

M 

the definitions R 
diag(R .. :i, .. . , R1,,;) , and ..._______, 

J\t 

wt£+l)M ] . Ii cc1n be shovm 

that SJNR{ is maximized by the filters 

w.,M+r ,<,pt =aR;JhkM+,·: for0:::; /,; S:: N -1 

1 :Sr :S A1 (25) 

M. 
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\vhere <:i; is a nomializinu constant, and 
R yy = (l/M.SNR)INM + HHu_'"'.F.inally, the optimum 
filter \.V,,pt. is given by 

·n r q H 
H c;pt ::: 

[ 

' .. u l -v l ,op, 

W I.{ 
2:0 J>t 

wiL,.,.pt 

1t is worth. emphasizing that the filter W opl calculated above 
performs joint intercarrier and i.nterantenna interference sup­
pression. With zero Doppler, the matrix H will be block cir­
culant; hence, the matrix QHQ11 will be block diagonal (i.e., 
interantenna interference is still present). However, the matrix 
Q\.Vnr,,HQH will be(a.pproximately) diagonal, indicating t11at 
the matrix filter \.V opt in this case acts also as a linear "nml­
riuser'' detector that suppresses inter-antenna interference . 

D. Space-Time-Coded OFDM 

In this section, we will explore a special case of coded Ml MO 
OFDM, namely, a space-time block-coded OFDM with two 
transmit and one receive antennas, i.e., ,Vt = 2 and .i.\11,. = 1 
(the analysis can be extended to the case Af1. > 2 and M,, > 1). 
We study a space-time block-coded OFDM system based on 

E"' L IG(kl\1 + r , J.:M + j )j2 

STNR{. 

(24) 

M 
"wH h ·h r, w L h:;11 + ,- hM+; kM+i k iH+1· 
r • l • =--------------------

_ !._ -i- ¥ wlf (HHH - h· ·h11 ) w ' f SNR • L., k M'+•· NM +; kM+.i k;,- +,· 
,·= 1 
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the the Alamouti code [2 IJ (as first proposed in [22]); although 
details can be fOlmd in [22], the basic mecbanism is as follows. 
We consider two source symbols c1(rn) and. c:2(rn), which, in 
a conventional 0 FDM system, would be transmitted over two 
consecutive 0FDM blocks on the same subcarrier rn. Similar 
to the Alamout.i code, the two source symbols are mapped as 

X (i}(rn) = [c1 (m),c:2('m.)j'1' 

X (:2}(m) = [--c; ('m} ci(m)f (26) 

where X(l) represents the infonnation-bearing vector for the 
first 0 FDM block, and X (2j corresponds to the second 0.FDM 
block5 . 

Our goal i.s to understand the effect of channel time-variation 
over such a lransmission scheme and the performance of optimal 
MMSE receiver structures. Using (12), we can write the output 
of two consecutive 0FDM blocks as 

Y <1}(rn) = G (1)(rn, m)Xc1)(m.) 
N-1. 

+ E G (l) (m, n)X (i)(n) + Z(t)(m) (27a) 
n;.·:O 

, ,.·,ini. 

Y (2)(rn) = G e,n(m , m) X(2,(rn.) 
N-l 

+ L G (21(rn, n)X (2)(n) + Z{2;(m) (27b) 
-;~ .:.: (J 
, <:,-".rr, 

and, with the aid of (26), obtain 

which can be written as 

iV- 1 

(28) 

Y (m }'~fG (m, m.)c(-m,) + L G ( m , n )c(n) + Z(m) . 
·"=0,ri;,!m 

Now, it can be seen that the mathematical structure of the Alam­
outi-coded 0FDM is identica.l to that of the MIM0 0 FDM (with 
!Cl) structure defined in (12), and therefore, the M.MSE anal­
ysis done in Section TV-C carries through with the appropriate 
interpretations of notation. Furthem1ore, the derivation of th.e 
optimum linear M1M0 lCl cancellation filter \-V is straiglnfor­
ward (by applying the results of Section IV-C).111 this case, W 
is a 2N x 2N mat.Tix as it processes 2N tones over 2N symbol 
durations. 

"llltuitively, each Ol'DM suocarrier can be thought of as a tlat-fadi.ng channel, 
nnd the Alamottti code is applied to each of the ()FDM rnbcarriers. As a result, 
th.: Alamuuti code yidds diversity gains at .:very sulx:an·ier. 
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Computational complexity can be reduced by defining 
a per~tone 2 x 2 filter W m that suboptimally attempts to 
minimize fCI by processing only Y (1;(m) and Y (2)(m). Wiih 
time-invariant cbannels, aod in the absence of noise, it can be 
seen that '". m reduces to 

which coincides with the Alamouti-decoding mah·ix. Note 
that with time-invariant channels, in (28), all "off-diagonal" 
terms become zero, [G(i)(m, m)h,1 = (G (2)(rn, m)h,1, and 
(Gcn(m1 rn)lt.2 = [G (2)(m,-rn)]1,2• 

V. CHANNEL ESTlMATION AND TRACK.ING 

In this section, we address the challenging problem of channel 
estimation in an 0FD.M syst.em with severe Doppler and we 
propose a promising techniqt1e based on channel interpolation 
and judiciously-placed pilot tones. Tliroughout this section, we 
assume J\1~ = i\11. = l. 

Tn a time-varying environment, estimation of H amounts to 
estimating N channels h 11 := [h(n; 0), , .. , h(n: 11 -- l)f , 0 :S 
n s; N - l that comprise the rows of H; in other words, we need 
to estimate Nii parameters. This n.umbe,r of parameters can be 
significantly reduced if a priori knowledge about the ch.annel 
dynamics is available (see, e.g., [23 l), or if it is assumed that the 
channel is quasistatic (i.e., constant within an OPDM block, but 
varying fi·om block to block). Althoi1gh it lias been shown that 
the aforementioned melhods have provided promising results, 
both of them rely on assumptions that do not necessarily hold 
true in the OF.OM environment considered in this work. 011 the 
one hancL we have made no assumptions about the underlying 
channel structure; on the other hand, our work addresses sce­
narios where there is significant lCI, and as a result, the channel 
cannot be assumed quasistatic. 

Given the minimal set of assumpti1}ns on the structure of the 
underlying channel, the estimation of H appears, at first sight, 
to be a daunting task. Even when a full training block is used 
(in other words, all 0FDM subcatTiers are pilot tones). we have 
available only N values for tlie estimation of N 11 parameters. To 
reduce the number of parameters needed for channel estimation 
from N v to less than l'·i. we make the reasonable assumption 
tl1at some of the channels h ,, can be obtained by linear interpo­
lation. Such an assumption holds true if there is not significant 
variation between channels h,. and h ,,+l , 0 $ n $ (N - 2), 
and as we illustrate later on, channel interpolation does not have 
a significant negative impact on the achievable performance of 
our methods. Furthermore, channel interpolation transfonns a 
seemingly very difficul t p.roblern to a tractable one, as we will 
shortly see. 

The basic idea of using interpolation to reduce the number of 
parameters is as follows. We parameterize the matrix H by using 
a small number of its rows. We then expres s the entire matrix 
as a ftmction of these rows, therefore reducing the number of 
parameters to be estimated. Physically, this puts "markers" in 
time where the channel is estimated, and the estimates at other 
times are interpolated using these estimates. Let us consider 1vl 

channels h m(l), . . . , h ,·n.(M), which form lvf rows of the channel 
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SupposeN = 3, 11 = 2, .A.1 = {0,2}, a 2 = (0.3,0.7)T. Then, His given by 

h(O;0) 0 h(0: l) 1 0 0 h(O;O) 0 h(0;l) 

.3h(0; 1) + .7h(2; I) .3h (0; 0) + .7h(2; 0) 0 = 0 .3 0 h(O: I ) h(O; 0) 0 

0 h(2; 1) h(2;0) 0 0 (l 0 h(0; 1) h(0; 0) 

0 0 0 h('2; 0) 0 h(2; l) 

+ () .7 0 h(2; 1) h(2: 0) 0 

0 0 1 0 h(2;1) h(2;0) 

and H, H differ only in the second "interpolated" row. 

fig. I. Example of interpolated matrix. 

mairix H ; let us denote by ;\,,I := {m(l), ... , m(1Vl)} the set 
of these rows. Our method is based on the assumption that each 
channel h,.., n ~ A1 can be expressed as a linear combination 
of the Jltl cha1111els h ,,,..(1) , .. . , h m(M), i.e., 

h(n;l) =a~· [h(rri( l ); l), .. . , h(m,(NI);l)f 

(29) 

For example, when the channel process {hn} is Gaussian, then 
such a linear interpolat ion is optimal in the MMSE sense. Note 
that in (29), we have used the same M. x 1 weight vector a,, for 
al.! of the //-channel taps ofh n. Using the same weight vector is a 
direct consequence of the assumption that h(n; 0) , .. . , h(n; l/ -

1) are Li.cl. processes for every n (but rhere is correlation be­
tween h(n; l) and h(-rn; l) for n # m). 

ln Section V-C , we present guidelines on the choice of the 
weight vectors a ns. [n Section V-A , we stt1dy how channel 
estimation can be accomplished using pilot tones. 

A. Channel E~timation Using Pi/or Tones 

Let us denote by Hc(hm) the.N x N circulant maltix that we 
would have in the OFDM system if the underlying channel was 
fixed and equal to h,,,, i.e., we have (30), shown at the bottom of 
the page. Using (29), we can see that the channel matrix H ob­
tained by the interpolation of the channels h .,,(l), . . . , h ,.,i(Al) 
is 

H = L Aml;i,).Hc(h ,,.(.:) ) 
l ::,i :,;M 

h(m; 0) 

(3 l) 

0 

where A m (·i) is an. N x N diagonal matrix with entries 

n = m(i) 
n E .Al( and n f- m(i) 
otherwise. 

An example of this fonmtlation is given in Fig. 1. 

(32) 

G ivcn. tho structured fom1 of H, its estimation amounts to 
estimating I\Jh1 parameters grouped in the A11.1 x 1 vector 

- ·- r '1' 1' ]T h ,- Lhm(l),, , • , hmtM) (33) 

To pe1fonn channel est imation using pi lot tones, we need to 
express ()(m., $) := [QHQl-']m ,• as a function ofii. From (31 ), 
we can express G(m,s) as 

G(rn, s) :.:."' L [QA,,,(i)Hc(li,,.(i) )Q H] . (34) 
l ~i-;;A,t .,.,,.,s 

We can easily evaluate 

[QAm(i)Hc(h.,,.(i) )Q 11J,,,,* 
l N-1 ,.•-! 

= -; '°' '°'(A.m(i)],,. ,.h(.rn(i); l) 
i\t L-- ~ ' 1 · ' · ' 

.-,~-o l=O 

X <J('2-:.r(., - n,.)/N\.:,-j{2rr6l/N) (35) 

which implies that h(m( i); l) is scaled by 
N - 1 

l)
m ,f (l\ . __ ,,-j('btsl /N) .L , , [ A . ] ~i(2r.t·(~-m)jN) 
m(i) ·1 ··-·" N L.., -"1.m ( i) ·ry<, • 

1·=0 
(36) 

h(m; 2) h(m.; 1) 
h(m; 1) h(m; 0) h(m;:3} h(m:2) 

Hc(hm) := h(rn; v - 1) h(rn; 1.1 - 2) 0 0 (30) 

h(in; 0) () 

0 0 h(m; 1) h(m; 0) 
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Hence, by defining the 1 x v row vector 

(37) 

we can write 

(38) 

By defining the 1 x Mv row vector b"',• 
( b 111''' b"' ·• ) it follows from (34) and (38) that , m( l )' • • · ' m(M) ' • 

(·,( ·;· bm·"h. ., rn ,.;; = . (39) 

If the channel matrix was H (instead of H), then the received 
tone Y('m) would be 

Y (rn) = (°';( ,n, m)X (rn) + L C](m., n)X (n) + noise. (40) 
n -;¢ru 

ICT 

Inspired by how pilot-based channel estimation is done in 
OFDM systems, one could proceed as follows. 

I) lgno:re the TCL term, and assume that Y (JJ) = 
(](p,p)X(p) + noise (~}.Y (p)bN 'b + noise. 

2) Assuming that there are P pi"lot tones, which are placed 
at subcan-icrs p( l ), . .. ,p(P), form the P x Afr system 
of linear equations 

[ 

Y(p(l)) l [ X(p (l )) b l'(l) ,p(l ) l 
: = : h + 110.ise 

Y(y(P)) X(p(P))bP(I') ,p(P.> 

or Yu,J = B ( f>) li + noise. _ 
3) With P chosen such that P :2 Ml/, obtain h as the 

Jeast-squ.ares solution. of the aforemen tioned system of 
~ -t Y h B1 • th linear equatio11s, i.e., h = B (P) ( P j , w ere ()' ) 1s e 

pse·udoi11verse of B (I')· 

Unfortunately, this approach does not produce re.liable 
channel estimates because B (l') is not full column rank. As 
we prove in the Appendix, B er ) has rank I/, in-espective of the 
choice of interpolation coefficie.nts { a,,. },,ft.Vi. Consequently, 
channel estimation is not possible if we look only at '' isolated" 
pilot tones. lntu.itively, this is not a surprising result as we study 
a system where ICJ is not negligible; hence, we should account 
for the ICl in the channel estimation process. The important 
practical implication of this fact is that in OFDM systems with 
severe ICI, pilot tones should not be placed far apart from 
each other, but rather, they shou ld be grouped together. Before 
we explore the reasons for this grouping of pilot tones, let 
tis note the contrast with OFDM in time-invariant or slowly 
time-varying environments, where it has been shown that the 
pilot tones should be equispaced [24], f25]. 

Revisiting (40) for a pilot tone p, we obtain 

Y(p) = c:(:p,p)X(v) + L {;(rn , q)(q) 
9 piJvt 

9 ~P 

+ L C:(m,n)X(n) + noise (41 ) 
·n. n<>t pilvt. 
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which yields 

Y(p) :=bPfi. + L c;(rn, n)X(n) + noise 
tl n ... -,t pik,t. 

(42) 

Equation (42) is the bas is of the fol.lowing channel estimation 
method. 

1) Assume that for every pilot tone, 1> 

Y(p) =hl'ii + c(J)) 

c(p) := ( ~ X (q) l:>1'"') h+ Z(v). 
q nor. pile>i, 

(43) 

2) Fmm the P x lvfu system of linear equations 

[ 

Y(p:(1)) l = [ b)>(l~,r,(l) ] fi + [ e(p:1)) l 
Y(zl(P)) i;r(P ) ,p(Vi e(p(P)) 

or Yu') = B (r)h + eu•)· 
3) Obtain ii as the least squares solu~on of the aforemen-

tioned system of linear equations h = Bt1,) Y (l') · Ex­
tension ofthjs technique to MIMO OFDM 1s strn.ightfor­
ward. 

B. Placement of Pilot Tones 

U11like time-invariant or slowly-time varying OFDM systems 
where pilot tones should be equispaced l24 J, l25 J, our proposed 
channel estimation method implies that pilot tones should be 
grouped together (but in more than one group). ln this section, 
we quantify this observation and propose a pilot tone place­
ment scheme. For analytical tractability, we start from the case 
J/ = l , which conesponds to channels that are time-varying but 
not frequency-selective. Work on pilot symbol assis ted modu­
lation (PSAM) l26J has suggested that for Rayleigh flat-fading 
channels, pilot symbols should be placed periodically in the time 
domain to produce channel estimates; the coherent detection of 
the transmitted symbols is based on the interpolation of these 
channel estimates. The periodic transmission of pilot symbols 
in the time domain suggests a grouping of pilot tones in the fre­
quency domain, which is an intuitive idea explored by the en­
suing discussion. 

We adopt as figure of merit the approximation error <i(p) in 
( 43), and we seek the pilot tone placement scheme that mini­
mizes E [lle(p ) ll'l for a specific pilot tone 7J. Assuming that the 
n·ansmitted symbols are i.i.d. with E[IIX(q) !l 2] = 1, we obtain 

E{lle(11)l12
} = ( ~ lJl','1Rg(b1','1i') + 6 2 (44) 

q not pilot 

where R,,;. := E[fii/1], and o 2 
::::: E [IIZ(p)li2] is the _vari• 

ance of the A \VGN (which is the same across all subcarners). 
Ln the Append:ix, we show that bP•'1R,;.;,(b P,'t)H is a decreasing 
function of ((v -q) mod N ). Consequently, E [lle(v) ll2J is min­
imized ifwe place all pilot tones q -:J:. Jl as close to fl as possible. 
It is implied that for time-selective channels, pilot tones should 
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be grouped together. On the other hand. in frequency-selective 
time-invariant channels, placing the pilot tones equispaced on 
the FFT grid is the optimal scheme (24], [25]. Intuitively, for fre­
quency-selective tirne-va1ying channels, the pilot tones should 
be grouped together but in more than one group. As we discuss 
in the simulations section, we have found that our channel esti­
mation method indeed produces the best results when the pilot 
tones are partitioned inlo equispaced groups on the FFT grid. 

C. Selection <:rfthe Interpolation Weight Vectors a,. 

Without imposing any assumptions on the underlying 
channel variations, linear interpolation appears to be the sim­
plest method for choosing the weight vectors a,, .. On the other 
hand, if a priori knowledge about the underlying channel model 
is availabl.c, more sophisticated channel interpolation schemes 
can be devised. Let us suppose that the channels follow the Jakes 
model f.27]: E[(h(rn ; l)h If (n ; l))] = J.,(21r fci(m. - n )T) , with 
f,1 denoting the Doppler frequency, and T denoting the symbol 
period. Then, the calculation of the interpolation weights is 
straightforward. for example, ifwe fix rows h1) , h N/2-1' hN···l , 

the set of weights a,. = [o.,,(l),a,,(N/2 -1), rf,.,(N - l)f 
that mi.nimizes the error E[lh(n;l) - at,;h(l)l2] with 
h (l) := [h(l;l),h(N/2 - l;l ), h(N - l;l)f" can be ob­
tained using the the orthogonaliLy principle 

where R • = Erh(n; l )h.H fl}J and R-- • = E[ht /)h H(n]. h.t It l . \ , ' hh \ I I 

With .J,,[n] := J() (2r. J<1nT), it can be seen that 

As we demonstrate in the simulations section, for Doppler 
values of practical importance (i.e., less than 200 Hz), there 
is little to be gained by adopting the Jakes-based estimator in 
place of the linear interpolator. Hence, from an implementation 
poin.t of view, the l.inear estimator appears to be an attractive 
solution as ii dispenses with the esiimation of the Doppler 
frequency without sacrificing performance. 

D. Channel Tracking 

Under relatively mild Doppler, the quality of the channel 
estimates (and, consequently, the SINR gains of our lCI 
mitigating methods) can be improved by channel tracking. A 
simple tra_cking scheme is the fo'llowing: An initial channel 
estimate H (o) can be obtained by transmitting a full training 
block; subsequent blocks contain pilot tones that are used to 
acquire new estimates H (n} · The channel e-stimate :for the nt11 
(?FDM blo~k is obtained using a forgetting factor n as follows: 
H (,, ) = cr.H (n -1) + ( l - <:¥)H (n) (see, e.g., f24] for a similar 
method in SJSO OFDM). Frequent retraining can futt her 
improve the quality of the channel estimates at the expense of 
the overhead of the training symbols. As we illustrate in the 
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Fig. 2. Gains with known cha1mcl. 
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simulations section, the aforementioned tracking teclmique 
results in higher SINR gains (as channel estimates become 
1110:re accurate). 

VI. N UMERICAL Rrsrn;rs 

fn this section, we present numerical examples that illustrate 
the SINR improvement due to the W filter in both S.ISO and 
MfMO OFDM systems. As the design of\V depends on channel 
knowledge, we also study th.c accuracy of our channel estima­
tion method and the penalty it incurs on !he SINR. Throughout 
our simnlation experiments, we investigate an OF.DM system 
with N = 64 subcan:iers, a total bandwidth of200 KHz, carrier 
frequency .fc ;;;;: 2.4 GHz, and the velocity of the mobile is set 
to 60 mi,1J (the corresponding Doppler frequency is 2 14 Hz). In 
all simulations, we have chosen a<; figure of merit the average 
SINR gain, which is defined as 

with SINR!'~· (SINR.,, ) being the SINR at subcarrier rn with 
(or without) the filter vV. The SJNR metric expresses fhe SINR 
improvement over all subcarriers, and since it depends on the 
channel realization, in all figures, we depict the average SINR 
over I 000 random channel matrices H. The entries of H were 
generated using the Jakes model, with,., :::: 4, and each channel 
tap modeled as a complex Gaussian random variable /1!(0, 1). 

S!NR .Improvements With Known Channel: First, we look at 
the SlNR improvement due to the vV filter in SISO OfDM with 
perfect channel knowledge. fig. 2 depicts, for various values 
of SNR, the SJNR gain achieved with perfect chaxmel knowl­
edge for the carrier frequencies of J,, = 2.4 GHz and f ,, :::.:: 
60 GHz. for smaller value.s of the SNR, the SINR improve­
ment is smaller, as W attempts to suppress both lCl and ad­
ditive noise. As the SNR. increases, the SINR improvement in­
creases because "\tY attempts to suppress (essentially) only the 
ICI. It is also eviden.t that at Jc = 60 GHz. the ICI is much more 
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8 
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Fig. 3. Gains with e.stimated , hanne.l. 
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SNR {dB) 

Fig. 4. Cbmmd tnu.:king. 

severe and, consequently, ,v results in higher SI NK improve­
ments over a wider range of SNR. Tn both cases, the substantial 
SJNR gains illustrate the merits ofour lCl mitigation technique. 

SINR Improvements With Estimated Channel: fig. 3 illus­
trates the perfomrnnce penalty due to channel estimation (.le, = 
2.4 GHz). The chan11el estimates are obtained using the method 
described in Section V with 1.H = 2 (the top and the bottom row 
of H are estimated, ,md the rest of the rows are obtai11ed with 
Ii.near interpolation). We have used 411 pilot tones grouped .into 
11 groups that are equispaced onto the FFT grid (i.e., subcarriers 
{,,_. 7 8 () ')'1 ') ') ')4 ?' 3" •19 4() 41 54 ,.,. 5t· - - , ' ·1 . 

\) , , , "• M.:. , ~v, M , - v, LJ, •. , , , , ., u,>, \) , u If are p1 ot 
tones). From Fig. 3. we observe that even with irnperfectchanne.1 
estimation, significam SlNR gains can be achieved; this obser­
vation serves as testament to the effectiveness of our channel es­
timation technique. Additionally. under relatively mild Doppler 
(90 Hz), 2-3 dB of SNR can be gained by using frequent re­
training and channel tracking, as Fig. 4 illustrates. 

Pilot Tone Placement Scheme: Fig. 5 depicts the average 
SINR gains when vV is based on channel esti.mation, and a 

-14 ~ 
l--·········-····-····-···.L-...... H.H>H>• •-·-· · ·-·-· H+HH•H+H••····--····-···· ····-····-··· · ·-··" 

10 15 20 
SNR (dB) 

Fig. 5. Pilot ione placement. 

25 
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total of 4,., pilot tones are placed on the FFT grid according to a 
number of different schemes. 

Jn scheme ''A'', the pilot tones {1, 5, 9, 13, 17, 21, 25, 29, 
:n,:17,41,45, 49, 53,57,{H} are placed equispaced on 
the FVf grid. 

• Tn scheme "B", the pilot tones {24, 25, 2<>, 27, 28, 29, ao, 
31,J2,3:3, 34, 35, 36,37, J8,39} are placed into a big 
group of subcarriers centered on the FFT grid. 

• In scheme "C", !he pilot tones {1:3, 14, 15, W , 17, 18, 19, 
20,45,46, 47, 48,49, 50, 51,52} are placed into lvf = 2 
groups of 2i1 tones. 

• In scheme "D", the pilot tones { 6, 7, 8, 9, 22, 23, 24, 25, 
:J8, J9, 40, 4J. , 54, 55, 5G, ;i7} are placed into i 1 groups of 
2M tones. 

ft is clear from Fig. 5 that the placement of pilot tones has a sig­
nificant impact on the quality of the channel estimates and the 
resulting SlNR gains. Tt is worth noting that placing the pilot 
tones equispaced on the FFT grid results in very poor perfor­
mance, unlike the time-invariant case [24], (25]. 

fntetpolation fochnique: Although pilor placement does 
have a significanr impact on the achievable SlNR gains, this 
docs not seem to be necessarily the case with the choice of 
interpolation weights. To illustrate this observation, let us look 
at the case J\.1 = {0,N/ 2 ,N - l } (i.e., the top, middle, and 
bottom rows are lo be estimated, and -ihe rest of the rows are 
obtained using interpolation). We compare the SINR gains 
obtained with linear interpolation we ights aud the perfom1ance 
obtained usi.ng the weights of Section V-C. To isolate the effects 
of the choice of the interpolation weights, we let all subcarriers 
be pilot tones (which amounts to having a full training OFDM 
block t1tiliz.ed for channel estimation), an.d Fig. 6 depicts the 
performance of the two interpolation methods. We observe 
that linear interpo.lation ac.hieves the same performance as 
the "Jakes-based" interpolation, which, intuiiively, is a not a 
surprising result: For Doppler n:equency values of practical 
interest, the variation of the rows of H is not very large, and 
as a result, linear interpolation performs adequately. On the 
other hand, for significant variation, the Jakes..:based estimator 

Petitioner Samsung Ex-1004, 0165



2462 

22 r,.:, ~====:;-----.------,-----7il 
! ) ideai, 214Hz 

20H * linear, 214Hz 
,; i Jakes, 214Hz 

1aH idea. I, 858Hz 
1; linear, 858Hz 

1s\l Jakes, 858Hz 

' ; 
$14~ 
v ' 

t 2r 
a: 10~ z : 
<i5 i 

8, 

20 
SNR {dB) 

Fig. 6. lnferpolaliim sd1cmc. 

i: -0- 2.4GHz 
36H ~ 5GHz 

n :ft 60GHz 

34~ 

i 
32:, ..... 

25 

2 ... .. ~-. .. . .. . . :.t. ... : . . . .... l. .... • ... . :. ·.: .... : . .. :. : , .. .' ... ..... • . .' 

14 16 18 20 22 
SNR (dB) 

24 26 

Fig. 7. SINR gairn; in space-lime-coded OfDM. 

30 

28 30 

outper fom1s the lineur interpolator. For illustration purposes 
only, we look at the case of 858-Hz Doppler. Fig. 6 depicts the 
achieved perfonnance at Lhis extremely high Doppler, and it is 
evident that the Jakes based-estimator outpertorms the linear 
interpolator. In addition, it can be deduced from Fig. 6 that 
even at high SNRs, where high quality of the channel estimate 
is expected (with a full training block), there is significant 
difference between the performance achieved with perfect 
channel knowledge and cham1el estimates. This is due to the 
large vaiiation across the channel matrix rows that invalidates 
the assumption that some cha11nel rows can be expressed as a 
function of as few as three channel rows. 

SINR improvements in ,HfivJO OFDivf: Finally, Fig. 7 
illustrates the SlNR gains achieved in space-time block-coded 
OF'DM transmissions where the channel is perfectly known 
at the receiver. As described in Section IV-D, the filter \V of 
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Section lV-C operates on two consecutive transmission blocks, 
and we define the SINR as the geometric average of the gains 
achieved over the tones of the two blocks, i.e., 

Similar to Fig. 2, we can clearly see the SNR improvements that 
the MJMO filter \V yields. 

VIL CONCLUSIONS 

ln this paper, we have analyzed the effect of intercarrier 
interference on .MIMO-OF.DM. The cause of such an :impair­
ment is time-variation within a transmission block and occurs 
in practice due to both Doppler spread of the transmission 
channel and synchronization errors. We proposed time-domain 
filtering-based .!Cf mitigation techniques that cascade the 
time-varying channel with a receive filter so that the overall 
channel is approximately (in the appropriate mean-square-error 
metric) time invariant. The associated problem of estimating 
such a rapidly varying channel was addressed. and a novel 
estimation scheme was proposed. Coupled to the proposed 
channel estimation scheme is the issue of pilot tone placement. 
Examination of this issue showed that nonuniform placement 
of pilot tones and in particular grouping of tones into clumps 
equispaced on the FFT grid is effective for these situations. 
Numerical results illustrating these techniques were also 
presented. 

A PPENDIX A 

B u') HAS .Rr\NK ,/ 

From (36), we obtain 

N - 1 

;t L {Am(i)]r,1· 
r "'-0 

CmU) := --,v--_-1 ___ _ 

fr L [Am(l)]r,r 
1•;:;:(1 

Hence, with the aid of (37), we obtain b~;;tn = c,,,U) b;,;{l),, 
which readily yields that 

has rank I/ . 

b p(l),p(l) ) 
m.( M j 

b i.>(l'j ,p(P} 
m(,\lf) 

D 
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APPENDIX B 

b NI R ii.h (bP,'7t 1\S A F UNCTlON Of (p - q) 

For analytical tractability, let us focus on the case 1/ = 1 and 
iv1 ""{O,lV-1}. From(33), wehaveh ::;;: (ho(O), hN- 1(0)).,., 
and Rj,1~ can be evaluated as 

. , 
"-' l 

1 i 
J 

O< ~t <L 

Then, the term fiM := bt','IR;;,,(bp.q}' is written as (cf. (37)) 

fJP,<i =(b{?(O) lQ~/0)) [.~ 

= lli','1(oi12 • jfl.':'l , (·o\li 
() , I -r {\:•-J, I 

+ ~ ((.b!',<1(0" * l'l:,'l (0) Y O )) N - l 

+ (b//(0)) (l~~J'!_1(o)r). (46) 

Without any asswnptions on the underlying physical channels, 
we adopt the linear .interpolation scheme for the selection of the 
weights a n. of (29); hence, we set 

l S: n S: N - 2. (47) 

With the aid of (32) and (36), we can write b/?1 (0) , &:~·~1 (0) in 
closed-form as 

. N - 1 
fl.',q(Ol __ 2_ '---. [A ] .,j(2«1·i1,-·,1)/N) () ; ·-· N L.., 0 r , ,,i.:, 

•·=0 

(:~ZN47) _2._ -~ (i __ r_·) <JO-m·(p-q)!N) 
NL.., N - 1, 

1·=0 

( \ ,v ... 1 

= . - l, '"'rej(2:.r(J•-1)!N). because 
NIN-ll L.., ' 

' ✓ r =O 
iV- ! 

X ~ ()!2•,n·(j>-11)/N) = 0 for P :/= q 

,·=O 
· N-1 
( -1) ·1: .('} ( '/'') - ' rwr wiih , .. ·~-= ,,J -" 1· - •1.: . .:, · 

N (N ·-· 11 ' "', V 

' ; r=O 

( - 1) wN(N(w- l ) - w)+w 
= N(]\l - 1) (.:,..• - 1)2 

( - 1) . N 
r ,v l )f- l) smce:..; = l 
\..1 ' - \.,!) .,._ 

which finally yields 

bg''l(O) :: ....................... J -l) ........................ forp f. q. (48) 
(N - l)(c)(Z;,(p-q;/N) - 1)' 

Similarly, we can verity that «~'~1(0) = - ·bG•<l (O) for pf q. 
Hence, we obtain f fP.:1 ,~, 2(1 - 'Y) lb~'1 (0)12 , which, with the 
aid of (48), finally yields 

'J(l .... -,) 
OM = - ' for p --f q. (49) 
, (N - 1)2 (1 - co:'.\ (

2"'~v-q'))' 
Equation (49) constitutes an intuitive result: The ti.rrther a tone 
q is from ·p, the less its intt:rferenct: on tone pis. 
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EM-Based Iterative Receiver Design With Carrier-Frequency 
Offset Estin1ation for MIMO OFDM Syste1ns 

Yong Su11, Zixiang Xiong, Senior Member, IEEE, and Xiaodong Wang, ,Hembe,; IEEE 

Abstract-In Ibis letter, we study the design of expectation-max­
imization (EM)-based itcrntive receivers for multiple-input 
multiple-output (MIMO) orthogonal fre<1ucnc:y-division multi• 
plexing systems with the presence or carrier-frequency off.~et 
(CFO). Motivated by the spirit of maximum-likelil1ood estima­
tion in the F,M algorithm, we first present a t>ilot-aided CFO 
estimation scheme that allows fast Fourier transform-based fast 
in11>lementation. Then this CFO 4'Stimation is incoq>orated into 
the ini.tializat.ion step of the iterative receiv,:r . .Experimental rcsulL-; 
show the c(fcctivcucss of our receiver design in com bu ting L'FO. 

Jndex 1erms-Carrier-fre<1uency ofr~et {CFO), expec• 
ration-maximization (EM) algorithm, multiple-input mul­
tiple-output (.MIMO), orthogonal fre<inency-division multiplexing 
(Ol<'DM). 

T. INTRODUCTION 

NEXT-GENERATION wireless communicalion systems 
are required to suppott high-data-rate applications. The 

mulliple-input nmltiple-output (MIMOJ technique has been 
shown to be capable of adrieving extraordinary throughput 
withou1 additional power consumption or bandwid1h expansion 
[lJ. MIMO systems rely on antenna diversity to mitigate the 
effeu. of multipatl, fading. To combat rnultipmh delay spn:ad in 
high-rate wireless systems, one efficient method is orthogonal 
frequency-division multiplexing (OFDM), which transforms a 
multipath channel to 1nmtllel independent flat-fading subchan­
ncls f2J-{4l-

Jterative techniques for receiver design have attracted consid­
erable attention lately (5 J-(8]. The turh<> principle has been suc­
cessfully applied to detection/decoding problems such as serial 
concatenated decoding [9J, equalii,ation [IO], coded modulation 
I 11 l, and joint source-channel decoding [12]. Compared with 
noniterativc receivers, iterative ones can successively improve 
the performance in typical wireless channels, bllt at the cost of 
high computational complexity. In [8], Lu et al. designed an iter­
ctlivc receiver based on lhe ex.pcct.ation-maximi:rntion (EM) al­
gorithm [13], 1141 for space-time block-coded (STBC) OFDM 
syst.crm, with rc<luccd complexity. 

Aiming at improving the receiver design in 18), we take into 
account the carrier-frequency offset (CFO), because CFO estj­
mation/compensation was not addressed in 1hat work. It is well 
known that OFDM systems suffer ~even; performance degrada-
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1ion due to CFO f 15]. Many cxisling frequency-estimation tech­
niques (with the exception of 116]) rely on transmission of ref­
erence symbols ( e.g., repealed data symbol [ 15] or pilot-symbol 
sequences periodically inserted in the OFDM codeword [17]). 
However, most of them arc dcsig11ed for single-antenna OFDM 
syst1::ms instead ofMilvIO systems. One work on MIMO OFDM 
systems was rc.ccntly reported in [18 J, whc.rc carefully designed 
training symbols are inserted in the information symbol block 
for both CFO estimation and MIMO channel estimation. 

In this letter, based on the fact that the iterative receiver in [8) 
also requires pilot slots to obtain a good initialization, we target 
at designing a pilot-aided CFO estimator wh..ich can work well 
with the EM-based iterative receiver for MIMO OFDM systems. 
Following the spirit of maximum-likelihood (:ML) estimation in 
the EM algorithm, we devise a scheme for ML estimation of the 
CFO. This scheme is incorporated into the initialization stc.p of 
the iterative receiver and implemented via fast Fourier transform 
(FFT). We hence arrive at an EM-based iterative receiver for 
MIMO OFDM systems subject 10 CFO. We also lake advantage 
of the available multiple frames of received symbols in previous 
pilot slot.5 to refine the estimation of CFO. Experimental results 
conlim1 the effectiveness of our new receiver design. 

TL E M -BASED lTEHATlVE RECfllVER W TTH CFO 
ESTJMATlON FOR MIMO OFDM SYSTEMS 

MIMO systems have been well studied in conjllnction with 
STBC [ 19], [20] with multiple receive antenna~. An efficient 
EM-based iterative receiver for the STBC OFDM system wa. 
intnxluced in f8]. Since OFDM sysre.ms are very sensitive to 
CFO [15], it is challenging to take the CFO inw account in the 
receiver design. 

In tJ1is letter, we devise a new ML scheme to estimate the CFO 
in MIMO OFDM systems with A.f,,. = 2 transmit antennas and 
111.R ;;; 2 receive antennas. For practical reasons, we assume that 
the absolute value of the CFO is bounded by half of the OFDM 
subcarricr spacing, since larger CFOs can be compensated by 
an automatic frequency-control circuit [21] and what remains is 
1he residual CFO. TI1e same CFO is assumed for all 1he transmit 
and receive antenna pairs. For the multipath frequency-selec­
tive fading channel, the channel responses of different. taps and 
from different transmit antennas arc uncorrelated. Nore that the 
above assumptions are made for the sake of simplicity. Some 
more general cases (e.g., MJMO systems with N,. > 2 transmit 
antennas) are currently under investigation. 

A. 1vf!MO OFDM Systems Subject to CFO 

In the following, we consider an STBC-OFDM system with 
N subcaniers, .iVr "" 2 transmit antennas, and AIR =- 2 re­
ceive antennas, signalling through an L-tap frequency-selective 

0090--67781$20.00 © 2005 IEEE 
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011eOFDM 
word - ------- Q STBC-OFDM wor<ls = f'Q OFDM words -------~ 

0 

l 
pilot 
slot 

2 

one STBC-OFDM word 

Fig . l. Ooe data-hurst s1ructure in STBC-OFDM sy,tem. 

f> 

fading channel. We also assume that the fading channel codri­
cients remain constant within the interval of one STBC word, 
namely P = 2 consecutive OFDM words. 

From [8], pilot symbols are required to initialize the EM al­
gorithm. For practical data transmission, as shown in Fig. 1, a 
data bt1rst spans PQ + 1 OFDM word.s, with the first OFDM 
word containing the pilot symbols. The remaining P(J OFDM 
words are composed of q ST.BC codewords. 

Our idea is to simuhane(lusly make use of these pilot sym­
bols for EM. initialization and for CFO estimation. We mo<lifv 
!he traditional u·ansmission model as follows. First, the normai~ 
izcd CPO c: is included in the mode.I. Second, ar.cach transmitter, 
I( oul of the ((Ital of N OFDM subcarriers arc used to transmil 
symbob. Note that this is dilfonmt from insc:rting a guard in• 
terval in OFDM systems, because nothing is transmitted from 
the remaining ( N - K) subcan-iers. As will be seen shortly, this 
truncated observation window of subcarriers is needed for good 
estimati<>n of the CFO. Third, we treat the optimal pilot-symbol 
matrix .X r as inputs. In order 10 improve the spectral efficiency, 
we only transmit one pilot OFDM word at Lime slot p = 0, as 
illustrated i11 Fig. I. According to [22], a carefully designed op­
timal training sequence for STBC-OFDM syslems can achieve 
the minimum mean square error (MSE) and avoid matrix inver­
sion. For u system with !HT transmit antennas, t11e optimal pilot 
symbol at the nth subcarrier of the i!h transmitter, X p.[nJ, is de­
signed 11s Xp.i[nj = X.r>o[njc- .i(2rrL/ ,V)i n ,n = 0, 1, .. . ,N-1, 
·i = 0, 1 . . .. , Mr - 1, with L ~ LN/Mr J ~ L. Usually, we 
set the pilot-symbol sequence at the 7,eroth transrnic a111enna to 
be ;rr,o[n] = l/✓2, V n, where ihe factnr 1/ Ji is used to nor­
malize the energy of the transmitted symbols since two transmit 
antennas are considered here. 

Acrnrdingly, the Mllv[O OFDM system model subject lo 

CFO is given as 

Y j = W ,vF(c)W }(XPWta , hj + Zj, 

P(Q -l) <-1 P(Q - 1)+ 2 PQ 

····-···· one STBC-OFDM word 

data slots 

fwJ<l ~ .. J,.::ej(2 rr/ N)•·s . 
, ,, .$ ,/N . 

.,. =0, 1, ... ,N -1.; s = 0, ·1, ... ,1{ - 1 

W ra, ~ cliag(wI< L , w 10. )(21( x ZL) 

[W ,.•L ] ~ ,_,-:i('/. ,r;/ N ),·,, 
1\. r,s ~· , 

·r = 0, 1, . . . , J( - l; s = 0, 1, . . . , L - I 

h, £ [1/{ . h?'° -] 'l' 
.I ,J' , ,:I (2Lxl) 

h t:,. [lo 1. 1 1 1,- 1]'1' 
i,:j :::::: l.,i .. 1 , i i ,j> • • · , •.;,j 

where Yj (n) is !he frequency-domain received symbol of the 
nlh subcarrier at.the j th receive antenna; hL, l .:::: 0, 1, . .. , L -
l is the fading coefficient of the lth tap associated with the ·i th 
transmit antenna and the _j th receive antenna, which is inde­
pendent of other pairs of antennas and is modeled a.~ a com­
plex Gaussian variable of variam~e crf.. -.1 with Jakes' ccn-rela­
cion structure [23). The additive white daussian noise (AWGN) 
vector Zj contains il1dependcnt zero-mean complex Gaussian 
random variables with power u;. The nonnaliz.cd CFO " is in­
troduced through the matrix P(::) in (l). Since P(i:: ) =p I N 

(the N x N identity matrix) for r: f= 0, orthogonality among 
al1 N subcarriers is destroyed. Due to this Loss of subcarricr 
orthogonality, the intcrchannd interferences (lCis) f.rom other 
subcarriers will impact the tnmsmiued symbol at the desired 
subcarricr. 

B. ML Estimation of CFO 

The transmission 1rnxlel in (1) contains two unknown pa ram•• 
eters: 1.he CFO € and t.he complex Gaussian distributed vector 
h:i. The ML detection problem for e is formulated as 

Mu - 1 

t = Hrgm;\x(J(e) = arg m;1,x L logv(YilF(c)) . (2) 
:i"'O 

~ w f•·(e) 

j = O, l , . . , Mn - 1 
Using the same sm11egy as the E-step in 18, cq. (17)]. we can 

( l) compute rhe cost function as 

with 

Y :i :@:[Yj (0) , r,;(1), ... , Y;(JV--1)](,~ x l) 

P ( 1::) ~ diag(l, 1~1 (21«::/ N i, ... , c:i(2-rr~(N - 1) /N) ) 

X l' ~ ( X PO, .X l'l ) (K x 2I,·) 

.Xp o == diag(X.PO[0j, X po[ l j, ... , X Po[K - l])(J<xlf) 

.XP1 :::: dia.g(XP1f0], ,YJ>1 [l], . . . , Xpi[l{ - l ])u<xK) 

fW 1 .£:. ] ·i(2rr/N) r ,; 
t NJ r ,s - ·/ ~VI!· , 

r ,,,, O, l, ... , N - 1; s =-..: 0,1 , ... , N - 1 

Af,-,-:t 

CJ(c) =- L {.Eh; !(Y ; ,!i) { IIYr W r(c)h:il l
2 

}} + coost. 
j = O 

(3) 

+ const., 
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• A. b. ( H , - 1 • h - 1) ·-l 
w1th 'EhJ = W p(Ep:,z; W p(E) +~h; 

h., A f, Wll( \ ,,- 1 y (4 
j = ,~,,; F e ;t..,z; · j • · ) 

It is easy to show 1hat ~z) = a;I N . .By assuming that 
the fading channels of different pa1hs and from difforent 
transmit antennas are w1correlated, we can show ~h . = 
. ·, ·( 2 2 2 2 :2 2 ' )' 
dld/2, .a O,:i ,O ,a_O,:i, l> ···, (TOJL -1 • (Tl,j,O>(T1,j,1 1 · · ·,(T1,j,L- l • 

Note that w}! ( c) W r.(t:) is not a scaled identity matrix due 
to truncation of (.N K ) subcarricrs. However, if l( is 
sufficiently close to N (e.g., I{ = 120 and N .,_.., 128), the 
ol't~diagonal elements are neg! igible, and W ~ ( e) W p ( €) 
can be approximated as 1( /2 • h L- Then f h; can be sirn-

i-fi d f- i' ( ' 2 , z , 2 , z P 11e to ....., ,,1 :::;; < 11:\g O'o,,i,o• o-o,.i,1 • • • ·, O'o, j ,L-1, 0"1,; ,o, 
, 2 - ·> ) • h • 
al.,j.1 > ••• , ai,:i,L - :l Wit 

, 2 _ r 2/ (l<J·z 2 1 2 )) cr.,.,i. l - , 17 z + 0.z a , .. -i.1 • 

Further simplification is achieved by assuming K/2 is much 
lm·ger than <l'; / o-L,i, since the latter is inversely proportional to 
rhe signal-Lo-noise ratio (SNR) of the fading channel and rnt1ch 
smaller than K/2 when SNR ~ 0 dB. 

Based on !he above approximatio11s, we have t,,. ~ 
(2cr;/ K) I n , h_i ,::j (2 /K)W},! (t:)Y j and (J(c:) in (3) reduces 
to 

CJ(i ) =- A~i {Jlyi - Jc w F(t:)W it{t:)Yjf 

+ trace (
2
: ~ Wr(e-)Wi,! (e))} 

S L,11 (,) u rll.y . 
.1; .;/ rr N · J 

'--v--' 
Y:; 

z 

+ ••·ac·• .a" u rH X 8 X W ('i ') 
(
·2 2 ) } 

w. v --g- n J,L p P f(l .. 

h " (1' ''' /f'-)W 7 X ·w w H xHwTH) I were,, = -t.« . '\_ °J< p KL HL p 1.-_ ,anc yj 
is the time-domain re.ceived symbol sequence at the :ilh receiver. 
The second term is independent of e:, and hence has no contri· 
bution to the detc.ctor . 

.Based on (2) and (5), we form a new ML escimacor for the. 
CFO. Details of the search algorithm and subsequent discus­
sions :ti.11low. 

FFT-.Based Search Algorithm: Ii: is possible 10 simplify 
(5) to 

Q(e) = - .:\.-t l {yf F(c)~FH (e)yj } 
J=t) 'T 

= "f 1

{ 'tt!TJn,n.!Y.i(n) l2 

j :::O ·>i=O 

+ 2R ('f 11: [1']m,nYJ(m)1Jj (n) 
m"'On,,,m+l 

X f,- .i(2-.re/N)(n- m ))} (6) 

where y;(-n) denotes lhe time-domain received symbol 
at the n th subcarrier associated with the jfh receive an-

or,s 

~Ohi ~~ 

'y o.oo .. : 
r.: l 

llft:-. j . 

001 ... ; 
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140 
t20 

Fig. 2. Absolu1e valuc.s of the off-diagonal elements of matrix T , as defined 
in <6.>, wi1h K == ·i:w, N = 128 . 111<.1 pilot -symbol sequence from the zerO!h 
transmir antenna is stf to . .\"n[n] ::::: J./,/I. 'if r, . 

SNR(d8\ 

f'ig. 3. MSE of the CPO estimate f. Various numbers of STBC-OFDJV!' 
codewords arc cc>11,idcfed. We set the true ·, t.0 0.J. and the length of symbol 
sequence as /024 when performing FFT in (7). 

tenna. J~( •) is the real part of a quantity. Note that the first 
tc.nn in (6) .is a constant. And the second term is due to 
the Hermitian symmetry of T. 

By denoling n' = n - m, we can further simplify (6) 
to 

Q(e) = -2fR (
1

\1:

1 
{

1
~ r;(n')e-i(2,uJ N)n.' }) + const. 

:i=O ·,,'=l. 

= - 2~~ ( ·\t l Ri(c)) + consl. (7) 
:1=0 

• , , 1':-1-n' ~, \ 
viherc rj(n) = I:m=O [T]oi,m.+n' • :I.Jj (mmj(m + 
n'), and Rj(e) :::: I:i;,;;;~ r;(n')cij(:brsj:V)n' can be 
easily computed using the FFT algorithm. Better fre­
quency resolution can be achieved by zero-padding to ef­
fectively increase the length of the symbol sequence. We 
also assume a small c (i.e. , !cl < 0.5, since lm·ger C.FOs 
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fig. 4. Overview of our EM-based iterative rt~<:eivcr for MIMO OFDM sy~tcms sul~jcct ro CFO. 

can be compensated by an automatic frequency--control 
circuit (21] and wha1 remains is the residual CFO) he­
tween any pair of the transmit and receive oscillators. 
This assumption, together with the FFT-based imp'le­
mentation. will significantly accelerate the search algo­
rithm for f. in (2). 
Truncated Observation Window of Subcarriers: We 
now ex.plain the reason why not all N OFDM subcmTiers 
are required for symbol transmission. Since the first term 
in (6) is independent ofr, the d iagonal elements in matrix 
Tare useless for the de1ec1ion. So we o.nly examine the 
off-diagonal elements. 

After careful compmation, we show 1hat 1he otJ~dfag­
onal elerncms of matrix Sin (5) arc in (8), shown at tl1e 
bottom of lbe next page. . 

When 1( = N, based on lhe fact that I:, ;~,:/, 
ej(Zrr / N)nm = 0 for\/ m, /: 0. we see that at least one 
term in the (A1, A2 ) or ( Bi, Bz) pair is z.ero if r i= s. 
Hence, when J{ = N , all the off-diagonal elements of 
Sand '1' = S11 S .in (6) are equal to 7,ero. However, this 
docs nor hold when J( < N. For ex.ample, Fig. 2 shows 
the nonzero absolute values of the off-<liagonal elements 
in 1' with K = 120, N = 128. TI1us, in order to perform 
good detection, it is necessary to reserve some redu.n<lun1 
OFDM. subcarriei-s. 

1 
[.'>1,-.,, = - -K- •\r 

.. ). 

Multiple-Symbol Estimation Scheme: Another obser­
vation is that the MSE of the CFO estimate is reduced 
with the increase of the number of STBC-OFDM code­
words, a.s shown in Fig. 3. Note, that the floor of MSE 
at high SN Rs is due to the lirni1ed frequency resolution 
when performing FFf, which is determined by tbe length 
of symbol sequence after zero padding. Io the example of 
Fig. 3, the length of symbol sequence is set at 1024. 

C. Integration of CFO Estimation and EM-Based Iterative 
Receiver Design 

We have introduced a new ML estimator for CFO in 
Section 11-B. We now combine it with our low-complexity 
EM-ba~cd iterative receiver, since both the CFO estimation and 
initiali:wtion steps of the EM algorithm are pilot-aided. We also 
discuss th.e overall design of an EM-based iterative receiver 
with CFO estimation for MTMO OFD.M systems. 

The performance of the EM algorithm depends on the i ni.lial 
estirnalion of transmitted symbols, which are computed by 1he 
mtdilional ML algorilhm. Thus, good estimation of the fading 
coefficients is necessary in the initialization step of the EM al­
gorithm. One simple solutio11 involves pilot symbols, as shown 
in the data-burst stnrcture in Fig. 1. 

In 1he pilot slot, we estinia1c the normalized CFO e wi1h 
the aid of pilot symbols by (2) and (7). After compcn-

X ~ (r <~j{2r./ N )n1{r--l) r e -j(:2r./N) r1>2{.•-I) + 1f ej(2;;/N)nJfr-·l-- l) tl e-.1(21:/ 1\ )u~( s-L- l) ) 

l '-"0 " 1 ""0 " 2""0 111 ""0 Hi ""0 

A1 .-!,.: B, Di 

r,s=ll, l , .. . ,N - 1; rf.<1 (8) 
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sating the estimated c, the fading coefficients during the 
pilot slot are computed by the ML algorithm based on (I ), 
i.e., i~i = LSE(.Yi, WF(i)) with LSE (-, ·) meaning the 
least-square estimator. 

In the following data slots, a temporal filter is first applied to 
exploit the time corrdatioo o f channel responses (i.e., the Jak.cs' 
c:onelation structure), as introduced in 1241 and [25]. 

Based on this channel estimation, after compensati ng the nor­
malized CFO i on the received symbols, an initial estimate of 
the transmitted symbols (denoted by x <0l) is obtained by the 
traditional ML algorithm . 

'Then in the following EM iterations, li_1 is u1xlated by (8, eq. 
(14)) and X.5"\ the estimated transmitted matrix after r.. item-• 
tions, is detected by (8, eq. (18)1. 

The overall EM-based iterative receiver design with CFO es­
timatio.n is i.llmtrat.cd i11 the block diagram in Fig. 4. Note that 
in estimating f. in the pilot sh)t, the cost function (J(;;) keeps in­
c:reasing with the anival of data bursts and will help improve the 
estimation, since multiple-codeword schemes can effectively re­
duce the MSE. as indicated in Fig. 3. 

lll. SIMULATION RESULTS 

In this section, we present simulation results to v,tlidate our 
proposed EM-based iterative receiver design for quadrature 
phase-shift .keying (QPSK)-modulated MIMO OFDM systems 
subject to CFO. The available bandwidth is 800 KHz and is 
divided into N = 1.28 subcarricrs. For the fading channel, 
we assume the L = 4 resolvable taps with various powers 
a .. r:,2 ..,.2 - 0 ., o 2 ·-· a 2 - 0 ?. V -i 1· The :) i ;j.0 i ,.i,1 --- ... >, ·i.j/2 - 1.j,;3 - ·-·, ' i • 

OFDM system transmits in a bursty manner, i.e., each data burst 
includes P(J + 1 = 11 OFDM codewords; the first OFDM 
c:odeword contains optimal pilot symbols and the remaining 10 
codewords have Q = 5 STBC-OFDM codewords. 

Fig. 5(a) gives the BER performance of the iterative receiver 
for a MlMO OFDM system with the CFO c = 0.1 and the 
Doppler frequency .f v = 200 Hz .. The curve of the lowest BER 
is the performance of an ML receiver with perfect knowledge 
of~ and. coherent detection (CD). which is computed by the 
analysis in l26 j. Obviously, it becomes Oat for high SNR. This 
error floor is due to the time variance of the fading channel, 
which we neglected in the model of ( l ). To study the effect of 
CFO, we also plot the BER curves without compensating a small 
" ~ 0.1 in dash lines. h is not surprising to see the significant 
performance loss doe to JCT. 

The BER performance. for the case with a slow-foding 
channel, e.g., JD = 50 Hz, is illustrated in Fig. 5(b). Similar 
observations can be made except that the error floor is imper­
cepli hle when SNR < 20 d.B. In other words, in the low-SNR 
range, the effect of temporal correlation due to fading is much 
less pronounced. 

Besides the lower and upper bounds in Fig. 5, three other 
c:urves arc plotted as the BER results of tl1e EM-based. itera­
tive receiver after four iterations with perfect CFO infonnation, 
with CPO estimation using single data burst and with CFO esti­
mation using five successive data burst~, denoted. by "EM#4 w/ 
pc1-fect e:," "EM#4 w/ I-burst est. s ," and "EM#4 w/ 5-burst est. 
c," respe.ctively. Note that for a fair comparisl)O lo the case of 

585 

SNR {d8} 

Fig. 5. .Bf.R performance of a (N,,. 2, N R = 'l) QPSK-modulated 
MIMO O1-'DM i;ystcm with the trnt1 CFO :, = 0.1. Both coherent detection 
(with/without compensation of n and the EM-hased iterai ive receiver 
(wi1h perfect ·knowledge of , . with singJe-t>ur;;t estimation of <~ and wi1h 
live.-burst tistimation of e:J are C<)nsidt~rcd. The Ooppkr frC(1ucncy is scl lo 
(3) .fo = '.WO Hz ~nd (b) .f., = i.>(I H1,. 

coherent detection, the rate loss by inserting pilot symbols .for 
the EM-based receiver has been compensuted, i.e., (SNR aft.er 
compensation) ::.--:: ( PQ /PCJ + I.)· (SNR before compensation). 

From Fig. 5, we observe that al. low SNR., tl1e EM result 
with perfect E after several iterations is about 0.5 dB away from 
the ML outcome with coherent detection, Moreover, the perfor­
mance loss from using the five -burst CFO estimation rather than 
the perfect knowledge of ,; is imperceptible. This shows the ef­
fectiveness of our receiver in combating CFO in MIMO fading 
channels. 

Another observation from Fig. 5 is that the EM-based re.;eiver 
with multiple-symbol CFO detection (i.e., fl ve-hurst estimation 
of e) outperfomis the case-of single-burst estimation. The gap is 
less than 0.4 dB, and hecornes smaller with the increase or SNR, 
since better MSE estimation is obtained at high SNR. This small 
perfo1mance gain indicates that quite good BER performance 
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can be achieved vm hun;t-by-bursl CFO estimation, which is 
more practical without the assum.ption that the CFO remains 
constant within the interval of many data bursts. 
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ABSTRACT 

The combination of multiple-m1tenna and orthogonal fre­
que.ncy division multiplexing (OFDM) provides reliable com­
munications over frequency selective fading channels. We 
investigare this approach and focus on the application of 
space-time block codc-s (STBC) and space-frequency block 
codes (SFBC) in OFDM systcm.s. We compare the per­
formance of maximum likelihood (ML), zero forcing (ZF) 
and conventional detection algorithms. We show thai ZF 
provides a good trncle-offberween computational complex­
ity and performance. The problem of channel escirnaiion 
in STBC-OFDM and SFBC-OFDM :;ystem is also studied, 
incll!ding the derivalion l)f 1he Cramer-Rao lower bo·,md 
(CRLB). Since knowledge of the channel is required to co­
herently decode STBC-OFDM ;ind SFBC-OFDM, we pro­
pose an iterative channel estimation algorithm based on .the 
EM algorithm that requires very few pilot symbols. The 
CRLB can be achieved by the channel es1imaiion algorithm. 

l. INTROUUCTION 

The combination of MIMO and OFDM is a stwng candi­
date for the fourth-generation wireless communications [8), 
It can provide very high spectrum efficiency and high data 
rat.e with reasonable complexity. In this paper we will inves­
tigate the combination of STBC and SFBC with OFDM. ln 
particular, we will focus on tile Alamouti STBC { 1 l with one 
receive antenna as an example. The same idea can be ex­
tended to STBC-OFDM or SFBC-OFDM with m,>re trans­
mit or receive antennas. Lee and Williams [61[7], studied 
STBC·OFDM and SFBC-OFD.M. l:lut their study was based 
cm the. the conventional decoding sclieme, which assumed 
the channel response during one codeword is constant. We 
will investigate lhe el'fect of time or frequency variaiion on 
the performance using different decoding scheme.,. The 
channel estimation problem for 1'·11MO-OFDM was first stu­
i<.led by Li l3J. A. corresponding simplified algorithm wa.~ 
proposed in (4J. The main drawback of the above algorithm 
is that it is not suit.able in a system with chllnncl variation 

from frame to frame. Lee and Williams [5J proposed a mul­
tirate pilot-symbol-assisted channel esdmator for OFDM with 
multiple transmit antennas. However, I.he percentage of pi• 
lot symbols is qult.e .high. which decrenses the speclrum ef­
ficiency. Another shortcoming is the delay caused by tl1e 
time domain filtering. We propose an EM-based cb.annel 
estimation algorithm for STBC-OFDM and SFBC-OFDM, 
which is a modified version of [2.). It is a frame based algo­
rithm, whkh means that. time domain filtering is nm neces­
sary. Therefore, the detection deluy is minimii.ed. 

The rest of the paper is organi,:ed as i<.)llows. In Section 
2 we will describe the baseband OFDM system model with 
transmit amenna diversity. In Section 3 we \1tlll discus sev­
eral STBC decoding algolithrns. The CRLB and modified 
CRLB (MCRB) for channel estimation in MlMO-OFDM 
will t,e derived. in Section 4. An EM-based channel est ima­
tion algorithm is discussed in Section 5. Finally, we draw 
some conclusions in Section 6. 

2. SYSTEM MODEL 

The schemaric diagram of Fig. I i~ a ba..~eband equivalent 
re.presemation of an OFDM system with two transmit an­
tennas and one receive antenna. 

2.1. STRC-OFDM 

STRC-OFDM enc<>ding scheme involves two OFDM frames. 
At the 11/h subcarricr. symbol X1 (m) is transmitted from 
antenna I and symhol X z( m) is transmitted from antenna 2 
at time iosrnnt 1. At time instanL 2. - .X-i(m) and Xt(m) 
are transmitted from antenna I and antenna 2, respectively. 
Denote the. frequency response from transmit antenna I to 
the reu:ive amenna as Hll (111) and H1~(m) iirtimc instant I 
and 2, respectively, and the frequency response from trans­
mit antenna 2 to tile receive antenna as Hzi (m) and Hn(m) 
at time instant l and 2, respccl.ivcly. The received signals 
are given as 

0-7803-7663-3/03/$1? .00 i02003 lEEE IV · 389 ICASSP200J 
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Fig, 1. Baseband OFDM system model with transmit diver­
sity 

The rationale for the use of SFBC in OFDM is that the chan­
nel frequency response of adjacent subcarriers remains al­
most constllnt in such a system. It only involves one OFDM 
frame. In the 2nif1t subcanier. symbol X 1 {2m j is tmosmit­
ted from antenna land symbol X2(2m) is transmitted from 
antenna 2. At the same time, -Xi(2m) and X1(2m) are 
transmitted from antenna l and antenna 2 respectively in die 
(2m + l)th subcarrier. Denote 1he frequency response from 
transmit antenna I to the receive antenna as H 1 (2m) and 
H 1 ( 2m + 1) of the 2rn th and the ( 2m + l) ih subcarriers, 
respectively, and the ftequency response from transmit an­
tenna 2 to the reeeive ll.'1te1ma as .H2(2m) and Hz(2m + 1) 
of the 2rn/h and the (2m + 1)'h, subca1riers, respectively. 
The receiveJ signals can be expressed in a similar way. 

3. STBC DECODlNC SCUEMRS 

STBC decoding is discussed in ( l l It assumes the channel 
is constant duriug one codeword. We call it. the cunvc11-
tion&! decoding method in this paper. For the 1.:ase of STJ3C 
with changing channels and SFBC in OFDM, the assump­
tion no longer holds. The channel coefficient matrix is not 
a scaled unitary matrix in general. Therefore, the conven- . 
tionat deco<ling method is n.ot optimal. The optimal decod­
ing method in th is case is the maximum likelihood (ML) 
algorithm, The main shom:oming of 1he optimal decoding 
algO!ithm is the high computation burden that grows expo­
nentially as the number of coostellation points increases. 

A suboptimal decoding approach is the so called 1,ero­

forcing (ZF) approach. It is less computationally complex 

and .in the case of two transmi.t antennas, the matrix inver­
sion is quir.e simple. 

Simulation results (omitted due to ILmited space) show 
1hat the performance of the ZF approach is only slightly 
worse than the performance of the optimal ML approach. 
Therefore, the ZF approach is a good tradeoffbetween per­
formance and complexity. 

4. CRAMER-RAO LOWER BOUND 

In this section we will derive the CRLB and MCRB for the 
channel estimate in gene.ral MI.MO-OFMDM systems. h1 
particular, we will focus on MIMO-OFDM sys1ems with 
tw() transmit antennas and one receive antenna. 

The MIMO-OFDM system model with two transmit an­
tennas and one receive antenna can be written in vector fo.on 

(I) 

where}~ is the received sig11al, X1 and X2 arc transmitted 
signals from antennas 'I and 2 in diagonal matrix fom1, /J:l 
and !1i are CIRs from transmit antenna l and 2 to the re­
ceive acuennu, r~pectively. N is the Gaussiun noise vector 
and each element is zero mean and variance o2 /2 for each 
dimension. \V L is the submatrix of the Ff·T matrix with 
first L columns. 

The parameter vector here is obviously~ = [b.{ nlJT. 
The CRLB gives a lower bound for the variance of an unbi• 
ased esiimate 

where Lis the channel delay spread and I(8) is Fisher in­
formation matrix 

{
/) (O )H} I (tl) = E B{l log f (.t!I!) &Q. log j (1:.!tl} (3) 

l?ollowlng (I) we have Lhe pdf of K. given 0.. 

where wt: assume lhe data marrices X t and X2 are known · 
so that they do not appear as conditioned variables. 

The Fisher information matrix can be partilioned into 

four small blocks J@ = [ 
1
' 1 1

1
2 1 , where 

a 4 J 

1 11 1f • r 1 w·HxHx w· q2.\VL X \ X 1W i, i = ;,.-i L 2 I L 

1 w nxHx w I ···· 1 w Hxnx w <J£ L •• 1 2 L, 4 ·- ;;2 L z -~ L 
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We define the CRLB of !11 a11d !J:2 as 

L 

CRLB(ll-.i) :::: ~ r ·t(~);i, 
i""l 

21, 

CRLB(!J.2 ) = L r 1(flfi-
,,,,.LH 

(5) 

(6) 

TI1e.se CRLB~ arc; obviously :.ignal dependelll since the trans­
mitted signals X1 and X:.i appear in the Fi!;her informa­
tion mutrix. In order tt• eliminate, the dep,mdency of the 
transmitted signals, we take expectations of .Ti with respect 
to X 1 and X2. We also make an additional assumption 
chm transmitted signals from differ.:nt antennas are imle­
pendent, i,e., E{X1(ni)X;{rn)} ::, 0, Aod, we also as­
sume E{j.X(m)[Z} ::::: A, This assumption is valid for gen­
eral ML\1O-OFDM sys1e.ms with independent transmitted 
signals from different transmit. antennas as well as STBC­
OFDM and SFBC-OFDM. Therefore. we have the follow -
ing expectations E{Ii} = E{l4} = ~1Jt., and E{J2}E{Is} = 
0. The CRLBs becomes modified CRLB (MCRB) after tak-
ing rhe above expectations. The MCRBs can easily be cal­
culated as 

MCRBt1h1) = MCRB{h~)::; !:.:?"~. ·- -- M.4' (7) 

where lv! i& !he number of si1bcarricrs, The above deriva­
tion can easily be ex.tended to the case of u5ing D frames 
of data, assuming the channel is constant during these D 
frame~, The result becomes 

MCRB(h.,} = i1,;ICRB1h.,i ""_Lc.2__ (8). ,- . \ -~, AfDA.' 

which is D times smaller than lhe ca.se that onlv one frame 
of data are observed. Further e:x.tensiom, to arbit;ary number 
of transmit or receive amenna is str;,ighlforward. 

5. AN EM-BASED CHANNEL ESTIMATION 
ALGORITHM FOR ST8C-OFDM AND SFHC•OFDM 

If the system is perfectly time an<l frequency synchronized 
for STBC-OFDM and SFBC-OFDM, channel estimation er­
ror is tile main source of pe1fonnance degradation. In this 
section. we propose an EM-based channel estimation algo­
rithm for STBC-OFDM and SfBC-OFDM, which i5 a mod­
ified version of(2J. 

First we give the EM-based channel estimation ulgo­
rithm for SFBC-OFDM which onlv involves one OFDM 
frame . The SFBC-OFD~1 system 1n°odel is given by I with 
X1(2m + 1) = - Xf{Zm) and X2(2m + 1) ""X1{2m) . 

Following [9], a natural choice for "complete" data Z.t 
and Z.2 is obtained by decomposing the observed data _t: 
into 2 components, i.e,, • 

(9) 

where N .. ;, ·i = 1, 2 are obtained by arbitrarily decomposing 
the total noise N imc 2 componems such ,hat N 1 + N 2 = 
N. Thus, the relation between 1he ''complete" dai:a (l.1 , Z.:i) 
and "incomplete" data l:: is given by X:-:= %..1 + ,Z.2 . 

It is easy to show the above described EM-base channel 
estimat ion algorithm takes the foilowing fonn: 

where 

b(vt11 - w·Hx-1 z· <v) 
'-"i - l. i f.L,: i = 1,2, 

:= z{p) + a. (y _ f z(_Pi ) • --z. p, - 4-,,/ ..¥..1 : 
j :::.1 

:::: X ;W ibY,l . 

(10) 

( I J) 

(12) 

Ohserve that fh can be arbitrarily selected due. IO the arbi­
trarily decomposition of the independent noise components 
'ti.; -The only ccns!raint is /31 + _{12 :::: 1. A typical value is 
/11 '= fh :::: 0.5 for the case of two trnnsmit an1ennas. 

Note that the above result can only be applied for pilm 
frames, i.c, the transmitted signals ;;..,1 and X.2 are known 
al the receiver, wh,ch is e"'actly the. case in [2}. However, 
in the case of signal transmission, we don't know all the 
transmitted signals in these OfDM frames except for some 
pilot symbols, Thus, to make it feasible we adopt the Pth 

estimates Kip) an<l Xt> instcild of the actual values in die 
algorithm. In SPBC-OFDM sy~tems, we propose to use the 
ZF detection approach to obtain the estimates of transmit 
signals, Consequently, the nlgorilhm is actually decision­
directed and ( I 0) and ( 12) become 

h,(11+1) 

-·· 
Z).,,J 

f.:: 1,2, (13) 

{i4) 

The above algorithm can easily oc applied to · STBC­
OFDM systems. The only difference is that in S'TBC-OFDM 
syst,~ms the algorithm involves two OFOM frames and onl-v 
one OrDM frame is involved in SFBC-OFDM systems. Th~s, 
the algorithm should be carried out twice in \¾!Ch iteration 
for those two OFDM frames. The ZF detection approach 
is also used w dete<.'I the transmitted signals in these 1wo 
frames. 

from Figs. 2 and 3 we can observe that the EM-based 
.:haonel estimation algorithm can reduce the BER ::ind MSR 
Furthermore, it cnn achieve a BER performance close to the 
case where the channel characteristic is completely known 
at the receiver in the high SNR region, However, there is 
still a DER gap between tile lower bound and the BER of 
the EM-based algorithm. The MSE also is very close to the 
MCRB when the SNR increases. Comparing Figure 2(b) 
with 3(b) we find that the MCRB ·can be achieved by in­
creasing th~ SNR in a SFBC-OFDM system. while this is 
not tile case in a STBC-OFDM system. It turns ou1 that the 
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{a) B.ER (t,) MSS 

f'ig. 2. BER and MSE of the EM-based channel estimation 
algorithm for STBC-OFDM systems. 

(a) BER (h) MSE 

Fig. 3. BER and MSE of the EM-based channel estimation 
algodthm for SFBC-OFDM systems. 

nu1riber of iterations per frame of STBC-OFDM systems is 
slightly larger than chat of SFBC>OFDM systems. This is 
observed from Pig. 4. ln general, the proposed EM-based 
channel estimation algorithm works both for STBC-OPDM 
and SFBC-OrUM systems. Similar perfor.rnance, incl.uding 
BER and MSE, can be achieved by the algorithm. How­
ever, i1 is more suitable for SF.BC-0.FDM systems due m 
the lower MSE and smaller iterations per frame. 

Fig.4. Iterations perOFDM fTamcofthe EM-hased channel 
esiimation algorithm for STBC-OFDM and SFBC-OFDM 
systems. 

6. CONCLUSION 

In this paper we inve,1;tigate.d applications of STBC and S.FBC 
in OFDM systems. Channel estimation in STBC-OFDM 
and SFBC-OFDM is studied, including the derivation of Che 
CRLB and MCRB. We proposed an iterative channel esti­
mation algorithm based on tile EM algorithm with only a 
few pilot symb01s required. Simulation results show Iha! it 
is a very promising channel estimation technique, which can 
achieve near optimum BER and the CRLB when the SNR 
becomes large. Furthermore, it uppears to be more suilab)e 
for SFBC-OFDM in terms of lower MSE an<l smaller re­
quired iterations. 

Note: Additional details in a longer paper and larger fi.g• 
ures can be found ut hup:/iwww.ee.princ~ton.edu/"xma/mimo.pdf. 
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A Road to Future Broadband Wireless 
Access: MIMO-OFDM-Based Air Interface 
Hongwei Yang, Alcatel Shanghai Bell Co,, Ltd. 

ABSTRACT 

Orthogonal !'reqirnnc:y-div:isien mu!tiplt)Xing is 
a popular method for high-data-rate wireless 
transmission . OFDM nH1y be combir1ed with 
muitiple antennas at both the acce:~s point and 
mobile te.rminaJ to increuse. diwrsily gain and/or 
enhance ~ystem capacity on a 1ime-var1ing mu hi-­
pa.th fading channel, resu!ting in a multiple-input 
multiple-output OFDM systei:n. ln this article we 
uive a brief technical overview of MIMO-OFDM 
~ysiern design. We focus on various ic~carch !up­
ics for the M iMO .. QFDl\11'-based a.ir in1erface. 
including spatiai channel modc;ing, MlMO ­
OFDM inrnscdver design, MlMO-OFDM chan• 
nel estima tion, space-time techniques for 
MIMO-OFDM, and error correction code. The 
conesponding link-level sinrn!ation results am 
encouraging. and show lhat MIMO-OFDM is a 
promising road to future h:roadhand wireless 
access. 

INTRODUCTION 

Ti1(~ n.rst-genernf:ion (1G) radio systems use mm­
log communication icchnique~ tn transmit voice 
over radio, rnd1 as Advanced Mohilt: Phone Ser• 
vices (AMPS), the Nordic Mobile T dephone 
(NMT) system, and !ht'. Total Access Comnnmi­
cation System (TACS), which were devciop~~d in 
lhe 1970s and 1980s. The 2G systems we-re built 
in the .1980& and 1990s, and featured 1he imple · 
mentation of digital technology, sud; a~ Global 
System :k,r Mobile Communicution~ (GSM), 
Digital-AlVlPS (D-AMPS), code-division multi­
pk access {CDMA). and persona'! digitiO! cellular 
(PDC); among tht~m. GSM is the most succes&fu! 
and widely used 2G system. 3G mobile technolo­
gies provide users w:ith bigh-data.-.rate mohi.!e 
accc~s, which de.vc!oped rapidly in tb{: 1990s amt 
is still developing loday. The three major radio 
air interfa.cr; standards for 3G am wideband 
CDMA (WCDMA), time-division syr.chmnous 
CDMA (TD-SCDMA), and cdma2000 . The 
trnrn,mitted data rate of 3G is up to 144 kb/s for 
high--mobil ity trnfffo. 384 kb/s for low-mobility 
lraffic, a.ml 2 Mb/s in good conditions. However, 
tht:rt: arc hvo !imitations with 30. Orn: i~ 1ht: diJ• 
ficul1 e,;tension to very high da1a ra1es such as 

.lOU Mh!s with CDMA due to t~x<:essiv(: interfer­
ence between s.:,rviccs. The olher is the difficulty 
of providing a fnH range or multira.te services, all 
with d.iffercnt quality of wrvice (QoS) and per­
formance. rcqtlirementS;, due lO the 1estrictions 
imposed on the c.ore network by the air interfer­
ence s tandard. Therefore, t.he future mobile 
communica1io11 ~ystem with features of high­
data-ratc. t.ransmi5sion and open network arc.hi· 
tecture , caikd 40, is desired to satisfy the 
increasing demand !'or broadband wireles~ 
u(;CCS$. He;:1ce, 4G rcfrr~ to a collection or tech· 
.nologies and sf:imdards that will find their way 
into a range of new ubiquitous computing and 
communication sys,cms. The key obj.:;(.:tivcs or 
4G are to provide reliable trnnsmission with high 
peak data rates ranging from l.00 Mb!s for high­
mobili:y applications to 1 Gb!s for low-mobility 
appiicatio11s, high spectrum efficiern:y up !o lO 
bMHt, and ubiquitous services tha1 can accorn­
modale varion~ radio accesses. 

To take intcrnationa.l tedmoiogy leadership 
and reserve c:ornpetitive ne.ss in the growing 
mobile communication market, Alcatc! Research 
and I r:novation C(,nf:er has hee.r: ca.rryi ng ou, 
:research and innovation toward 4G for a long 
time. Their res('.aJc:h topics covt~r MlMO and 
OFDM rela,ed technologies including turbo 
product code, channel modeling. diannel c;sbma­
tion, adaptive motlulatkm ,we! coding (All.-1:C), 
hybrid automatic repeat request (H-l\RQ) , 
dynamic rescmrce allocation (DRA), and so on. 
T hey have abo participa,~~d in a program spon­
smed by Lhe Chine;;c government, Futur(;) Tech­
no!oiries for Univc.nrnl Radio Environment 
(FuTl JRE), since 2001. 

This a.rtide focuses <)n 4G air intt~rface te<:h-­
no!ogies, especially MlMO-OFDM-hased air 
interface to provide re liable: communica.1:ions 
with high daia rate~ and bandwidth ef.ficicn,-y. 

OFDM AND MIMO 
OFDM 

OFDM has become a popular tcchniqu.~ for 
transmi~sion of signals ov·er wireless channels. :It 
converts a frequency-sele.ctivc cha nnel into a 
parallel rn!k(.:tion of frequency fiat sutx:.ha.nnels, 
whi.eh mHke~ the receiv,~r :;i mplt~r. Tl:e t i.me 
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domain waveforms of the subcarrie,r~ aJe orthog­
onai, yet the signal spt:ctra corresponding to die 
differen t subcarri t~rs overlap in frequency. 
Hence, the available bandwidth is used very ef.fi­
cienr!y. l Jsirlg adapti.ve bit loading techniques 
base,d on the estimated dynamic nropertics of 
the chanoc!, the OFDM frausmitts\X can adapt 
its s ignaling to match channel condition5, and 
apprnach the ideal water pouring capacity of a 
fr;,:q:1,wcy•s(;lectiv(; chaxrn.ei. 

Advantages or OFDM syslems arc: 
• High spectral effkiency 
• Simpl e implementation by l'nst Fourier 

tran&form ( FFT) 
• Low receiver complexity 
• Suitability for high-dala-rnle transmission 

over a mu!lipath fading channel 
• High flexibi!it} in terms of link adaptation 
• Low -- comple;,;ity mu ltiple aCCl;)SS $Chemes 

~uch as orthogonal frequency-division mu!­
tip!e a<x<::ss (OFDMA) 

Disa.dva:nlages of OFDM system$ are: 
• Hight\!' p<tak-1.0-average power rnlio (PAPR) 

compared to sing!e-<:arrier modulation 
• Sensitivity to time and fr~qucn!,~y synchro­

nization errors 
OFDM has been adoptr;d in severa'i wireless 

slandards such as digitai audio broadcasting 
(Dt.\.B), brrestria.i digital video broadcasting 
(DVB-T), the rEEE 802.U a wirdess local amt 
network (WLAN) standard , arid IEEE 802..16a . 
Undoubted ly, OFDM cou ld he a potential air 
intcrfat:~ candidate for ruwre•gene:rnt.i.on im>bile 
\v!re}e~s ~Js·teni~. 

MIMO 
Multh)le antennas ean be used at the transmitter 
and receiver, now widely te:rmcd a Mi.MO sys­
tem. A J\.HMO system. ta kes advantage o f the 
spatial diversity obtained by spatially separated 
antennas in a dense mu!tipa.tl1 scattering envi­
ronment. MTMO systc:'.ms may be implemented 
in a nurnber of diffcre-nt way:, to obtain cithe1 a 
diversity gain to co mbat signal fading or to 
obtain a capacity gnin, Gtmcrnlly, there arc three 
eat.,g<iri<,;; of MIMO techniques. The first one 
aims to improve lhc power efficiency by maxi­
mizing spatial diversity, Such tcch:niqu.cs include 
dday diversity, space-time block codes (STBC) 
[lj, and space-time trellis codes (STTC) l2l The 
;;ewnd type uses a iayernd approach to increa~t~ 
capacity [31, One popular example of sud1 a ~ys­
tem i;; the vertical-•Bell Laboratories iayered 
sp,K~>time {V-UL~ST) architee-tun:., whc-re inde­
penck:nt datH signals are tnmsmi,ted over anten­
nas to increase the data rate, but foll spatial 
diversity is usual!y uot achkvccL The third type 
exploits knowledg('. of the channe.1 at 111,~ trnns, 
mi i.t<:\L H decomposes thl.': d1annd matrix using 
singular vaiue decomposition (SVD) and uses 
these decomposed unitary matrices asp.re• and 
post-filte rs al' the transmitter and rc~'.eiver ;o 
achieve capacity gain {4j. 

MJMO op,::ns ,:, oc-w d imension, space, to 
offor ti1e advantage of diversi1y, and 1herd'ore 
has be0n adopted in var ious stand.ar<fa. For 
instance, M[MO may be imp!cment.c d in the 
high-speed downlink packet acccsii (HSDPA) 
chann.d, which i.s a pait of the Univi::rrnl Mobik 
Telecornmun.kationB System (UMTS) standard. 

Pre,Jiminary effort~ are also underway t.o define-a 
M.IMO overlay for the IEEE 802,11 standard for 
WLAN under :he newlv formed W ireless N,~x; 
Generation (WNG) gro(ip_ 

MIMO-OFOM 
Ml MO is known to boost capacity. For high­
data-rate trnnsmission, the multipath characteris­
t ic of the envlrornnent causes the .MIMO channel 
to he frnquency-sdective. OFDM cao tr;wsl'onn 
snch a frnquency-sel ective MIMO ch,mne.i iat.o a 
set of p,ualkl frequency-f!a, MfMO d1annds, 
and IJ1creforc decrease rccc.ive,r compiexil.y, The 
combin<1tio.n oJ the two powerfni icchniqucs, 
MIMO and OFD.M, is very attractiv~'.. and has 
become a most prnmising broadband wireless 
at~cess sche.me. 

MIMO-OFDM KEY TECHNIQUES 

THE SPATIAL CHANNEL MODEL 

Becmi~e of the sensitivi,y o r MIMO algorithms 
with respect to the channel matrix properties, 
dia.nnel modeling is pasticuhrly critical to assess 
the relat ive performance of MJMO-OFDM sys­
lem~. Thls sec:tion briellv descrlbes the kev chan• 
nd characteristics that influence air interfa.ce 
design, such as t.ime selectjyity, frequency selec­
tivity, and spatial selectivi1y, 

Time Selectivity•··-· \Ve define the c:oherence 
ti me as the, time difference at ·.vh;ch the magni­
tude or envelope correlation cuefficient beLween 
two signaJs at the ,Hme frequency fails below 0,5, 
Thu~, a signal experiences slow or time-nonse­
lective fadi ng if i ts symbol period is rnucl1 ~;nail­
er than the channel coherence time, and fas t or 
tirne-sdectivc fadi ng if it.s symbol perlod i~ more 
than the coh~.renw time, When a si.grn:! is slow 
fadi11g, we can assume that the channel im-pu!se 
response (CIR) is time-invariant diJring a biock 
trammission, When the coherence time is i:n the 
order of a symbol bll)ck interval, we my that th,'. 
channel is quasi -static fading, which means that 
the channe.! fading is assumed to be con~t.anl 
ovt~r ead1 biock, and c.ha,igt~s independently 
from block to biock, 

Frequency Selectivity - - The cohercnct~ band­
width captures tl1c analogous notion for two sig­
mtls of di!fon'.nt frequencies transmitted at the 
same time. A sign:11 e-xperic-nccs flat or frequc,n­
c:y-nonselective fading if its bandwid! h is much 
sma!ler than the channel cohen::,ncc bandwidth, 
and frequency-selective fodin.g if iis bandwidth is 
more than the channel coherence bandwidth. 

Spatial Selecffvity ---·· ·w hen using muhiplc•ek• 
ment antennas. the coherence dis tance repre­
sen!s !lu: 111in1mum. distan,:e in space separating 
two anLenna clements such that they experience 
independent fading. Due to sea Hering <~nviron­
ments, the channel exhibits independent or spa­
tially sdective fading, Spatially correlated fading 
results in lower achievable capacity or MlMO. 

K-factor --·-· The failing signal magnitude foilows 
a Rice dist ribution, and the ra!io of the line-of. 
sight (LOS) component power to the diffraction 
component p<;wer is defined a~ the Ricean K-
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Ill Figure 1. A simplified biock diagram of a Milv/0--0FDM. tram:mJtter. 

Ill figure 2. A simplified block diagram of a Af !MO--OFDAf. r~:cefrer. 

factor. T he worst. case fadi ng occurs when the 
power of 11le LOS component is zero and the 
fading signal magnitude is regarded a.~ Raykigh 
distlitmtio11. Spatial channel often bl:)CQill(•:s more 
and more correlated as K-factor increases, and 
therefore lower multiplexing gain of MlMO sys­
iem can be ohtai n..-:d. 

MIMO-OFDM SYSTEM M ODEL 

Transmitter - Figure 1 slwws a simplified 
block diagram of a MIMO -OFDM irnnsmitter. 
The soun,,: hits trea m .is encmkd bv a forward 
error correetirn1 (PEC) er.coder. Afler that, the 
coded bitstream is mapped w a consteHation by 
the digi tal :modulator, and c:n~,odcd bv a. M[MO 
encod~r. Then each of the parnlld o;Jtpu t sym ­
bol streams corresponding to a c1!rtain transmit 
antenna follows the sa-rnc transmission pro,x:~~­
First, pilot symbols are inst~rtt~d &(;cording to the 
pilot patt,~ms. Then ihe. symbol sequence in fre­
quency is modulated hy inverse FVI' (:IFFT) lo 
,:n OFDM symbol sequence. A. cyck~ prefix (CP) 
is attached io every OFDM symbol to mitigate 
the dfoct of channel dt~lay spread, and a preurn­
ble is insert1:~d in every slot for timing. Fio;dly, 
:h{: co ns1ruded data l'rnml, is transferred ;o 
IfiRF components for transmission. 

Receiver - · Figure 2 shows a simplified block 
di,iirn m of a MI MO-OFDM rcc1:ivcr. The 
rnc:eiv{id symbol stream f.rom IF/RF compo-

lEEE C!;;n,:wnitations 1v1aga:cine 4 Jaou;;try 2005 

rrn11ts over the receive antennas are first syn­
ch:ronized, iaduding coarse frcqueo<:y synchrn-· 
nizalion and iiming aided by the preamble. 
After ihat, the preambk~s and CP a:cc cx,rn.dcd 
from t he received svrnbo l stream, and the 
rc.maining OFDM sy;nbol is demodulated by 
FFT. Frequency pilois are extrac:ted from the 
demodulated OPDM symbol in the frequency 
domain, and fine frequency synrhronir.aLion 
and timing are carried out to cx.trnct pHots and 
data symbols accurntely for the follnwing pro­
cessing. The refined frequern;y pilots from all 
the receive ante1rnas are used for channel .:Mi­
ma! ion (CF.). The t~s t irnated channel matrix 
aids the MIMO decoder in dt~coding the refined. 
OFDM 8)'inbols. The estim:,tc,;d transmit syrn­
bob arn then demodulated and decoded. Final­
ly, t.h e decotfod sou rec hitstn:ams a.re 
transmitted to 1.he sink. 

Frame Structure-···· Figure 3 shows an example 
for th~~ frame format of the r.HMO-O.FD.M sy8-
tern. l.n the time domain, a frame is a minimum 
transmission uni t that inclucks 10 s lots . Each 
slot consists of one slot prea rnble and eight 
OFDM symbols. The prea.mhle is u.sed. for time 
sy nchronization. Em:h OFDM in a slot is 
atta-:hed to a CP that is used !o reduce l:S:l, and 
therefore the design of channel equalizer i~ sim­
rilificd. r\ scatterc:d pilot pattern is used for CE 
at high rnobi!i1y. 
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1111 Figure 3. Die jr,mw structure of a M!MO-OFDA1 sysiem. 

SYNCHRONIZATION 

Timing phast\ timing frnqucncy, and fn~quency 
o:ffsi:: t (!,Stima!ion are car:ried out aided bv the 
preamble of ~~ach slot anJ th~~ pilot symbols in 
the frequency domain [5j. The frame is struc.­
tured such that data Hnd pilot symbols :m~ !rans­
milted over subcarrics. which allows estimation 
o:f the above paramct,irs. On;;c synchroni,~atioo 
is obtained, fine t iming e~!imates can be comput­
ed .from the pilot ~ymbols. 

CE 
1\t! MO-OFDM :is a promising sdicrnc for 
achieving high data rates a.nd large system 
capacity over wireles~ l inks. To obtai n the 
promised increase in data rate, accurnt~ chan­
nel state informatimt is required in the :re-c,jver. 
However, for OFDM systems with mul!iple 
trn:rn,mil antt~nnas, different signais arc tram,· 
milted from different antennas ,irnultaneowdy, 
an d consequently, Urn r eceived sigtHti is the 
SalifH.:r:position of these $ignals. which giws 'fise 
to challe ng<, ,; for CE. As for piiot patterns, 
there are three kinds of CE algorithms for 
MJM() .. ()Fl>:M system, respec,ive!y, lxm:d on 
scattered pilots, orthogonal pilots, and block 
pi lots [6, 7!, Comparatively, the first one adapts 
to wide applications over I'<tSt fading and fre­
quent~y selective channel. Therefore, we focus 
on it in the foilowing. 

Pilot Pattern ..... The scaHercd pilot pattern 
of transmit antennas is designed as follows. 
T he pi!ut :ipacing in th<:: iinu: domain is 
designed to s,i t isfy tl1e sampl.ing theorem, and 

the channel frequency response (CFR) of the 
OFDM ~yrnbols with<ntt pilots can be esti.mat­
ed through time domain interpolation ac,,ord· 
ing lo the: CE re:;ults of the acljaccni OFDM 
:,ymbo!s wi th pilots. Pilot spaci ng in the fre­
quency domain should be designed such that 
the foHowing inequality is Ka ti~fied , which is 
:rl:lquired by ihe MTMO-OFDM CE algorithm 
described h,:re: 

FFTsize . ---> iWax,mum Defa.y 
PSF·M • 

where PSF d.::notes the pilot spacing ii, the fre­
(11.l.(.'.B<')' dmnain, and Maxi.mum Delay .i~ the maxi­
mum excess delay of the muitipath channeb 
between transmi tter and receiver in units of 
sampling tim,~. Figu.re: 4 shows the pilot pat!e:rn 
over a transmit antenna. All the tran~mii a.ni.::,n­
nas hav<: tht~ same pilot pal:!ern. 

MIMO-OFDM CE --·-· We jus1 focus on the pro­
cessing in frequency domain. The time domain 
inicrpoliltion pnKessing is orniitecl. The a{go-­
:rithm to estimate CPR of the multi--path ,;hmmel 
belwe•~n one transrnit/n:ce.ivc antenna !)air is tht~ 
same as the following stt~ps. • 

1) 11.fo ltipiy the reQ~ived pilot seque111.~c with 
the conjugate seqnence of the pilot sequence of 
the transmit antenna and get the sequence of 
C.FRs over pikls. 

2) Makt~ the FFTsizcf PSF-point ff FT for the 
sequence of CFRs over pilots and get the 
sequence QI' CIRs, 

3) Divide the sequence of CTRs into M seg­
ments of tile :·mme segment h::ngl.h, w.hae /'vf is 
tht~ number of 1.tan.sm it antennas. Then the if:h 
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segment (i "' l , 2, ... , M) will he the estimated 
CIR of the transmit/receive ankcma pair. Hence, 
after making tlw FPI'.~ize-poinl. FFT for eni:.h 
segment with zero padding, we get the esi.ima-
ti;;ii nf all the channels. ,. , 

Simulation Result - A 3.2 GHz spatia!ly 
uncorrdated UMTS vehicular A channel with 
speed of 60 km/h is used f8J. FFT size is !024, 
OFDM sai:npling rnte is .11 52 MHz, the pHot 
interval in the frequency domain is 8. pilots ln 
lhc time: domain are inserted !n cvc:rv OFDM 
symbol. The number of trnnsmitir~~cei~·e anten­
nas i~ (2.2) and (4,4). 

Mi:im square c-rror (MSE) or !ht~ devdoped 
CE algorithm is shown in Fig. 5. From U:e fig­
ure we can observe that the l'vlSE oi' the 
designed MlMO-OFDtvf estimator has a floor 
resultioJ?; from inter--subcarrier and inter-anten­
na in,ert·ercncc. Related ,echniques to interfer­
ence rnncel'!ation are desired for MlMO-OFDM 
systt~rn. 

SPACE-TIME PROCESSING 

TECHNIQUES FOR M!MO 

Currr;nt space-time proces1.ing tcchniqu~s for 
MIMO typically fall into lwo cate.gories, data 
ra,e maximization and diversity maximization 
sd1~~mes, although there has be-en some effort 
toward unification recently. 

Spatial Multiplexing - SpaLial rnultipkxing 
nw!tip!e~e;; nnil'tiple spatial cha.nnels to send as 
many independent data as we can over different' 
an;cnna~ for a sptXific t:rror rate. Tht:rc arc four 
spatial mu.ltiplexing schemes: diagonal BLAST, 
horizontal BLAST, V -.BLAST, and turbo 
BLAST. Of them, V-BLAST is the most promis .. 
ing for its impkmentalion simpiicity 1_3], 

The me! hod w detect the tran~miued signals 
consists of three main :;te.ps: 

J.). fa,timaic the d1annel matrix, This is often 
done through I.raining sequenc,! 

2). Detern1inatc the: opiimal detecting order 
m1d the nui!ing vector;; 

3). Detect !he received signais based on the 
optima! dctccLing order and s11ccessive interfor­
en~,e cancellation. 
• Zero-forced (ZF) or minirnum mean squan-: 

error (MMSE) nu.Hing: ZF or .MM.SE t::,ti­
mation of the. strongest transmit signal i~ 
obtained via nullin1~ out the weaker trans-
mit signals. ~ 

• Deteding: The actual value of the strongest 
s ignal is d,~tected by slicing to the nearest 
value: in the sigoal constet!ations. 

• Syrnixil interf~i:·ence cancellation: The dfrct 
of the strongest transmitted signal on the 
other weaker trnnsmiu:ed signal to be 
de,ected. is removed. from the vector of the 
rcce·ivcd signals, after which we return to 
milling in the first stt'.p. 
Since the spat.la] arnftiplexiag detector uses 

some form of channel mi:trix inversion, a unique 
solution is oniy possibie if the number or receive 
anten11as is greater Umo or eq\ial to U1t'. 1rnmber 
of independent transmi, signals. Moreover, spa­
tial multiplexing hm; poor dt:tei.;1.io11 pcrformance 
ov{:r a spati,1tiy correlated cba .. nnei. 
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Iii Figure 4. An. exr:mple of rfw pilot pattern over a transmit antenna .. 

Space-Time Coding ..... Space -1irne coding 
joinUy encodes the data streams over different 
antennas , and there fore aim~ to m,uim:ize 
diversity gain . Two main space-time (.'◊ding 
sd,emcs, STl:3C [11 and STTC f2!, are men­
tioned hert'.. STTC obtains coding and diversi­
ty gain:; due t.o codi6g in space-time 
dimension . But its decoding complexity 
incn~ases grea!iy as the size of modulation 
eonstdlation:;, state number, and code length 
increase . STEC bas,::.d on orthngonaf design 
obta.ins full diversity gain with !uw de1:oding 
c:o mpkxity, and thereforn has been widely 
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1111 figure 5, i'vfSE of tlie CE. 

lllf Table 1. Comparisons of .\'TC and spaiia! muliiplexing. 
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us.::d. The well-known Alamollti cod.: is ju~t a 
special case of STHC with double transmit 
antenna~ l9J. Spacc-frc.quency blod code 
{SFBC) is bascd dircctlv on srrn:e-tirnc codes 
(with time reinterpreteias frequency). 

STHC iSa optimally cksigned ;uicler the 
nssumption that the rading channd is qu,i.~i-stut• 
ic. T herefore, i.hc time or frequency selectivity 
degrades the performance of STBC and SFBC. 
Between SFBC nnd ST.BC, one i& sckctcd haslid 
on the selectivity of the channel in the time or 
frequ.cnc.-y domain. Whatr.vcr the delay sprt'.ad of 
the:: channel, STBC is chosen only if tJ-1e channel 
is ,;lowly varvlm~ in tl1e time domain when ,he 
tc. rmi mil m~vet slowly. Similarly, at whattwer 
~peed the terminal moves, SFBC is dwsen (mly 
if the channel is slowly varying in the frequency 
uornain wh-:n the dday sp:rcad or die dumod is 
;;mall. 

Comparisons of STC and Spatial Multiplex­
ing --- Based 011 the a!gorit!Jms above, STC and 
spatial mul.tiplcxi:ng are. compared by analysis 
and sinrnlaliorn; here. Advanta.gc~s and disadvan• 
tagcs of STC and spatial multiplexing arc listed 
in Tabk 1. 

Data rate: SFBC!ST.BC is onlv :rnitahle for 
low-data-rate scrvi;,;e, Herc, low data rate is just 
rela tive: to ttw very high daf:a rate achi,wed by 
spatial multiplexing. Thus. in order to achieve 
vc1y high bandwidth cfficien;,;y up to tht: foiure 
10 b!s/Hz, spatial multiplexing is a better choice, 

Hiversity gain: T here is no rnding in the iime 
or ~pac<: domain for spatial multiplexing, and it 
is not suitable J;:,r achieving divcrs.ily gain. If a 
system is designed to achieve better {)oS for 
average. data rnte. STl3C/SFJ3C is a betk-r dioicc. 

Spatially correlated chnmel: Over a weak 
spatially corrdatt~d channel , both SFBC/STBC 
and spatial rnull.ip!exing l.'an work wdl. Over a 
s r a tially ~x1rrdated channel, STBCiSFBC is prc­
krn::d because spatial correlation leads to mm:h 
.!e.ss pe;formancc degradation :for STHC/SFBC 
than spatial mu!livfo.xing. 

l<'reqmmcy-selecti"; channel: Spatial multi­
plexiog and STBC can work wt:ll in a fre.qu.ency­
select ive chann(;'I at low mobility. At h igh 
mobi!i,y, only MIMO spatial multiplexing or 
SFBC can work well. 

l<'ading drn1ml!l: Bol.h spatial mnitiplexing 
and SFBC can work weH in a .fast fading channel 
only if !.he d1an11cl is not frcquency-sekdivc. 
Over a :frequ,rn<:y--seleciive channel such ai; 
UMTS vehicuia:r B channd, spatial multiplexing 
is het!cr. 

Channel estimation technique: S.FBCiSTBC 
is 11ot as sensitive to cha.nne.l c:stimat1on errm as 
:;pa.1ia! multiplc:xing. Thus, if a CE tediniqu~ 
with low accu:racv is used for low channel 
resource cost and lc°)w implementation <:omp!exi­
tv, SFBC/STBC is a better choice .. 
.. Channel wiih U}S: l'J.. channel with LOS i:, 

spatially corrdated , and the receiver often has 
higher rcce.ivcd SNR. Therefore, SPBC!STBC 
ca.n work weli due) 10 high n::ce.ived SNR, while 
spa!ial mu!tipkxing fails to wo:ck in the LOS 
c:ase d!l.('. to spatia.! condatlon. 

Antenna c<>nfiguratfon: For a configuration 
with more than lwo trar1srni1 antennas, c ithe1 
two of the transmit an tennus are <:hosen for 
SFBCiSTBC, or ~patial multiplexing is used. For 
more than two transmit antennas, fall or higher 
rate. SFBC!S113C arc desired. 

ITERATIVE DECODING 

Channel coding undoubtedly play!, an imporiant 
:role in modern digital communication5:. Area -• 
sonah!e coding scheme is always rdatc,d to tht'. 
requirements o l' a parti<:ular communi,:ation sys­
tem. GSM supplit~S low-bit-rate sptech service 
and some data service; a combination of block 
coding and convolu ti onal coding is used on 
important bi t.s. 3G mobile comornnicatioos are 
expected to provid.t; a wide range of IJ.St'.r si;rvices 
spanning from vok:c to high-rate data, so besi(ks 
con,.,oltrtiorial c.od~, turbo <:ode is nse.d for the 
fir~t time. 

For thc limit of lrnnsmi!. powc:.r according to 
tht~ consideraiion of 4G , dt;eockn; will work al 
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low SNR. To improve the decoding p~irfor­
man.ce, all the features know:n to det:odcr ~hould 
be u:ied, such as inicrl(~aving, ~oft d,~ci~ions, 
channel state information, and concatcnalion. 
Ori tile other hand, 1.!Ho dramatic increase of 
integrated circuit capacity makes soph.isticat.cd 
error control inc thod~ po~~iblc. Two ki nds of 
codes, turbo code and low density pari!y check 
(LDPC) code, which have very good error cor­
rection performance, are promisi ng candi.daies 
for an F.EC scheme in 4G. 

Turbo Code -- In 1993, decoding of two or 
more ,xmcatenated codes was propos.ed using 
sort i terative dewding. The basic c:,mcepl of this 
new coding schc1m~ is to use a parnlki concate­
nation of ai least twn code~ with an interleaver 
be!wcen the component encoders. Decoding is 
based on alternately decoding the componerit 
codes and passing the extrinsic information to 
the next decoding ~tage. Even though verv sim­
ple cornponeut c;)(ks ~in~ used. the turbo ~oding 
schenw is ahk to achieve performance close to 
Shannon's capacity bound, at lea,; !. for a large 
int,~rleaver and at 13ER of upprnximatdy 10- 5• 
Long h;tency du e to large interleaver si:w and 
the pcrformanoi floor al high SNR are two dis­
advantag~ related to turbo code. 

Another near--opti mu.m turbo tode, nn-bo 
product code. (TPC}, is built on 2D or 3D arrays 
of extended Hamming codes, and works wi th 
hard decision or soft ded~ion. The iteration is 
made betw(:)en rnw and rnlumn. The advantages 
ol' TPC are summarized as follow.~d: 
• A single !ow-cost. TPC encoderi clecoder can 

support code rate~ from i /5 to .l9/20 witl1 
exce.Hent performant'.e at high code rates. 

• Near zero latency can be aH.airn:d, and no 
tailing bi!.s arc rlc'quired. 

• Any packet size is supported. 
• Tl1t:re is no error floor for TPC. 

LDPC - LDPC, prnpo&ed by Gallager io 1962, 
is a linear b(o('.k w<le whose parity che.ck ma!rix 
is composed of 0 elements dominantly. LDPC 
code ,hows good error correction capacity with 
soft iterative decoding by the mm-product aigo­
rithm or hdid propagation (BP) algorithm. 
LDPC codes possess sev,~rni advuntages over 
iurbo codes: 
• BP ck<:0ding for LDPC ~~odes ~.1n be imple­

mented folly para!k.! and can potentlal!y be 
implemented at a siRnificantlv faster sr eed. 

• LDPC codes have b~Uer block error perfor­
rnance. 

• There is no en·or floor for LDPC codes. 
Recentlv. some re~carchers have i nve&tigated 

the pcrfo/mance of LDPC applied to OFDM 
syskms. The good error rate performance 
eblained makc}s it a candklat:ct access method fo:r 
40. 

ADAPTiV~ MODULATION AND CODING 

Time-varying wirekss durnnel conditions and 
: herdore timt'.•varying system ca pa.city are two 
important features of wireksi, and mobib com-
111tmicatlon systems. Accordingly, future systems 
should have a high degree of adaptivity on many 
level;, in onkr t0 a.chievi::: tksired paforrnance. 
Examples of such adaptivity are information rate 
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ll Figure 6. BER pe1fimnance ofa ,WJAfO-OFDlvl spaiial mul,iple.xing system 
wi1h. t;,uul.wid1h 11Ji,:iem:y of 4 b!s/H.z and 8 bf:;f!-!z. 

adaption , power contr<>I, -:ode adaptation, band­
width a.cb1ptation, antenna adaptation, and pro­
tocol adaptation. AMC is a kind of information 
rate a<laptatjon, .. wd is u~e<l presenrly in IlSDPA 
and IEEE 802.16. 

The p.dndp!e o.f ATvf.C is to ch.an.ge !ht: mod­
uial ion and coding format in accordance wi th 
ins!a:ntaneous fluctuation in dumncl conditions, 
subjc.:t to system restriction~. Channel condi­
tions should be estimatl:;d based on foedhack 
from the receiver. For a system with AMC, u~er~ 
dose 10 the m il site are typk:;illy assign(;~d high­
er-order modulation with higher code rates. On 
the otiler hand, Ul-ers d ose to the cell boundary 
am assigned lmver-or<lc:r modulation with lower 
code ra i'c!.s. 

The impie;mintation of AM.Coffers severni 
challenges. First. A\,fC: is sensitive to c.ham1d 
measur{;·meni err;Jr and de!ay. ln orde.r w select 
appropriate modulation scheme;;, the sd1cdulcr 
1rn1st be aware of the ciiannd quality. Errors in 
the channel ~timate will cause the scheduler to 
sdect the w-rong da!'a i:ate, l!l)d trar1smil at eiiher 
too high powi~r, wasting sy~tem c:apadty, or too 
low pow;:::r, raising the block error rate. Dday in 
reporting channel rneasuremcn,s also reduces 
the rdiability of tlw channel qt1ality estirrrnle. 
Furl her more, changes in int:erf er.en cc also 
increase measuremt~nt errors. 

One objet:tive of AMC is 10 greatly improve 
the MIMO drnnnd capacitv with the heb of 
turbo-like codes. - ' 

INTERCARRIER INTERFERENCE C~'\NCEU.ATION 

For a traditional OFDM t.·omrnunication system, 
the frequency offset caused hy oscillator ioaccu• 
racie;; or Dopple.r shift results in ICI: that 
degrades the BER performance of the system 
greatly. Although frequency syr1chronization is 
used, the residential frequency offset causes a 
number oJ impai nm:nts inciudir1g att1::ouati.on 
and rotation of each or !he su.bcarriers and l:Cl 
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between subcarricrs. Similarly, MIMO-OFDM is 
al~o ~f.msitivi;; to Doppler 1iliift a.nd ~arrier fre• 
q\1e.ncy o:ffscl that dei<troy orthogonality of sub­
carriers and give rise to fCL ICI mitigation (e.g., 
a timc-domah1 fill.erirtg scheme POD is needed 
to increase the achie.vable data rates over the 
wiri;)k~;s mediuni. 

PAPR 
The main limitation of O FD.M--ha~ed transmis­
sion syMcms ifi the high PAPR of the trnnfimitlcd 
~ignals, and !argl'.) peaks will occa,ionally teach 
the amplifier saturation region and resuJt in sig­
nal distortion. Several PA.PR reduction schemes 
have been propo~ed and investigated; of the:m, 
the partial transmit 1iequencc (PTS) scheme is an 
efficie nt approach and a distonionl.ess sc:hcme 
for P APR reduction by optJmally combining sig• 
nal i;ubb!ocks. Selective mapping (SLM) is also a 
good approac.h, in which some 1-tatistka!ly ind~­
pendeni. sequences are gcm:ratcd from il1e ~ame 
information aod the sequence '.vith the lowest 
:PAPR is mrnsmittcd. lloth techn;que1s provide 
improved PAPR statistics at the cos! oJ addition­
al complexity. 

SIMULATION RESULTS 
In Fig. 6 we show th t~ BER perform ance of a 
MLMO-OFDM spatial mu!tipicxing system with 
bandwidth effkiency of 4 !J/siHz. and 8 b/s/ Hz. 
Tllc ~imuia.tion parameters an~ listed in Tabie 2. 
The results show lhat for BER <if HY\ baod­
wid1h efficiency of 4 b/s/Hz can b:c! achieved at 

SNR of 5.5 dB, and bandwidth efficiency up to 8 
bMHz can ,tho be ad1icvi::d ,ll a rcawnable SNR 
of lower than 16.2 dB. The~e encouraging rnsulls 
show that MIMO-OFDM creates a new way to 
achieve high bandwidth efficiency without sm;ri-• 
ficing addi tional power o:r bandwidth. 

CONCLUSIONS 

h i this article MIMO·OFDM key tc:;;hnique;; are 
in1roduced. Some of our considerations in 
MlMO-OFDM ~yste m design a.re also given, 
focusing on fram,: structure, CE, and compar• 
ison, ol' STC and spa.tial muliiplexing. The pro­
posed frame structure with sn1Uernd pilot;; is 
especially suited for high-data-rate transmi~sion 
at high mobility. Based on comparisons of STC 
and spatial mul tiplexing, qualitative cri te ria in 
t<>n:ns of (fat.a rate, application en\,'ironmcnt, and 
antenna configmation are proposed to choose 
STC err :-.paLia1 multiplexing. Link k~vel simula­
tion Jesuits for the designed MIMO-.OFDM spa­
tial multiplexing system prescni. encouraging 
performance. 'l11e high bandwidth dfici;n<:y 
obtained shcw,s that MlMO-OFD!vi is a pot•~n­
l ial candidate for future broadband wireless 
access. 
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