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[ am a Records Request Processor at the Internet Archive. I make this declaration
of my own personal knowledge.

The Internet Archive is a website that provides access to a digital library of Internet
sites and other cultural artifacts in digital form. Like a paper library, we provide
free access to researchers, historians, scholars, and the general public. The Internet
Archive has partnered with and receives support from various institutions,
including the Library of Congress.

The Internet Archive has created a service known as the Wayback Machine. The
Wayback Machine makes it possible to browse more than 450 billion pages stored
in the Internet Archive's web archive. Visitors to the Wayback Machine can search
archives by URL (i.e., a website address). If archived records for a URL are
available, the visitor will be presented with a display of available dates. The visitor
may select one of those dates, and begin browsing an archived version of the Web.
Links on archived files in the Wayback Machine point to other archived files
(whether HTML pages or other file types), if any are found for the URL indicated
by a given link. For instance, the Wayback Machine is designed such that when a
visitor clicks on a hyperlink on an archived page that points to another URL, the
visitor will be served the archived file found for the hyperlink’s URL with the
closest available date to the initial file containing the hyperlink.

The archived data made viewable and browsable by the Wayback Machine is
obtained by use of web archiving software that automatically stores copies of files
available via the Internet, each file preserved as it existed at a particular point in
time.

The Internet Archive assigns a URL on its site to the archived files in the format
http://web.archive.org/web/{ Year in yyyy][Month in mm][Day in ddj{Time code in
hh:mm:ss]/[Archived URL] aka an “extended URL”. Thus, the extended URL
http://web.archive.org/web/19970126045828/http://www.archive.org/ would be the
URL for the record of the Internet Archive home page HTML file
(http://www.archive.org/) archived on January 26, 1997 at 4:58 a.m. and 28
seconds (1997/01/26 at 04:58:28). The date indicated by an extended URL applies
to a preserved instance of a file for a given URL, but not necessarily to any other
files linked therein. Thus, in the case of a page constituted by a primary HTML file
and other separate files (e.g., files with images, audio, multimedia, design
elements, or other embedded content) linked within that primary HTML file, the
primary HTML file and the other files will each have their own respective extended
URLSs and may not have been archived on the same dates.

Attached hereto as Exhibit B are true and accurate copies of printouts of the
Internet Archive’s records of the archived files for the URLs and the dates
specified in the attached coversheet of each printout.
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Low Complex Standard Conformable Antenna
Diversity Techniques for OFDM Systems and
its Application to the DVB-T System

Armin Dammann and Stefan Kaiser
Institute for Communications and Navigation
German Aerospace Center (DLR), Oberpfaffenhofen, Germany
E-mail: Armin.Dammann@dlr.de, Stefan.Kaiser @dlr.de
http://www.dIr.de/KN/KN-S

Abstract—In this paper, we mvestlgate different antenna diver-
sity concepts, which can be easily applied to orth I freq
division multlplexmg (OFDM) systems. The focus is on standard
compatibility, i.e, this schemes can be implemented to already ex-
isting OFDM systems without changmg the standards. The intro-
duced diversity techni are app larily to the DVB-T
system. Bit error performance investigations were done by simu-
lation for different DVB-T and diversity parameter sets.

I. INTRODUCTION

UTURE mobile wireless systems are required to
provide high data rate services in a spectral efficient

manner due to the high costs of bandwidth resources,

g. =~ 400,000,000 €MHz for UMTS in Germany.
In terms of power efficiency - especially for mobiles -
and electromagnetic pollution it is required to keep the
isotropic radiated power as low as possible. Particularly
the electromagnetic radiation charge becomes more and
more important for the acceptance of wireless systems
in society. Wireless systems have to operate in different
environments. So a mobile is expected to work reliably
in scenarios like rural, urban, indoor, outdoor, etc.

Mobile communication systems mainly suffer from
time-varying multipath fading with extremely different
multipath intensity profiles [1]. For systems, which have
to work in multipath environments, an improvement in
error performance may become very difficult. Already
a slight improvement in the bit error rate can necessitate
a huge amount of additional transmitter power, which
contradicts the aforementioned item of an economically
use of transmission power. It is an enormous challenge
to design wireless communication systems, which are
capable to deal with these varying scenarios.

Orthogonal frequency division multiplexing (OFDM)
[2] is a suitable technique for broadband transmission
in multipath fading environments and is implemented
in new broadcast standards like digital audio broad-
casting (DAB) [3] or terrestrial digital video broadcast-
ing (DVB-T) [4] as well as wireless local area network
(WLAN) standards [5] such as HIPERLAN/2 or IEEE
802.11a.

Because of the poor error performance of OFDM
in multipath environments, it is necessary for wireless
comumunications systems to use techniques like inter-

leaving and channel coding in addition to OFDM. These
techniques add redundancy and diversity in time and fre-
quency direction. For many scattering environments,
spatial diversity is another effective way to improve the
error performance of wireless radio systems. In [6],
[71 space-time-coding is proposed in order to get the
benefits of channel coding in combination with spatial
(antenna) diversity. Unfortunately space-time-coding
is not suitable for extending existing systems, because
this would make non standard conformable modifica-
tions necessary. Therefore for standardized systems ad-
ditional spatial diversity techniques can only be imple-
mented, if this modifications keep the systems standard
compatible. In [8] such techniques for the transmitter
side are proposed.

In this paper we will investigate standard conformable
antenna diversity techniques, which are well suited for
the extension of existing standardized OFDM systems.
Section II introduces diversity techniques for both trans-
mitter and receiver. At this, the main idea is to increase
the frequency selectivity of the resulting channel trans-
fer function by specific cyclic delays at the transmitter
and/or receiver antennas. The transmitter sided delay di-
versity is also investigated in combination with receiver
sided maximum ratio combining. It is shown in Sec-
tion IIT how the mentioned diversity techniques are ap-
plicable to the DVB-T system in order to improve the bit
error performance in multipath environments. In Sec-
tion IV the DVB-T system and transmission parameters
as well as the used channel models are described. Fi-
nally, simulation results for the bit error rates are pre-
sented for various DVB-T system parameter sets in in-
door and outdoor environments.

II. SPATIAL ANTENNA DIVERSITY WITH OFDM

In this section we will introduce Delay Diversity (DD),
Cyclic Delay Diversity (CDD), Phase Diversity (PD)
and Maximum Ratio Combining (MRC), which can eas-
ily be applied to existing OFDM system standards with
little efforts. A combination of this diversity techniques
is easily possible. Thus, we can even with hindsight im-
prove OFDM systems and find an optimal tradeoff be-
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D. Maximum Ratio Combining

Another well known standard conformable diversity
technique is MRC. Fig. 8 shows the block diagram of a
classical M -branch MRC-OFDM receiver. After down-
conversion into the baseband, the A time-signals are
OFDM demodulated and combined by subcarriers, us-
ing the MRC scheme, which optimizes the signal-to-
noise-ratio (SNR) for each subcarrier and is described
e.g. in[1], [7].

Remove
Guard-
Interval

Remove
Guard-
Interval

Fig. 8. OFDM receiver with MRC

III. APPLICATION TO THE DVB-T SYSTEM

In this section we will apply CDD and MRC, introduced
in Section II, to the DVB-T system. DVB-T is basically
a coded OFDM system containing an outer shortened
Reed-Solomon code concatenated with an inner (punc-
tured) convolutional code [4]. The investigations in this
paper restrict to the “inner system” of DVB-T for non hi-
erarchical transmission parameter sets, i.e. outer coding
and decoding are not considered.

A. Transmitter

For the implementation of CDD at the DVB-T trans-
mitter, only a second signal path after the OFDM-
modulation has to be added. Fig. 9 shows the transmit-
ter sided inner part with transmitter CDD. After chan-

{_Coding | [Intereaving | | Mapping]

Signals

Fig. 9. Inner non hierarchical DVB-T transmitter part with CDD

nel coding and interleaving, the bit-stream is mapped to
complex-valued QAM-symbols. The functional block
”Frame Adaption” is responsible for QAM-symbol in-
terleaving, pilot insertion and transmission parameter
signaling (TPS). The resulting symbol-stream is OFDM-
modulated. Finally, the signal is splitted, upconverted
and transmitted directly on the one hand and cyclic
shifted on the other hand. It is important to note that sig-
nal splitting does not increase the overall transmission
power.

B. Receiver

As mentioned above, we use a MRC receiver for our
simulations. Fig. 10 shows a block diagram of the
DVB-T MRC receiver implementation. After downcon-

lation

Fig. 10. Non hierarchical DVB-T MRC receiver

version and guard interval removal, the received signal is
OFDM-demodulated and equalized using zero forcing.
For our investigations we assume perfect knowledge
of the channel state information (CSI). Both complex-
valued symbol-streams are combined and QAM de-
meodulated with soft-out values before symbol- and bit-
deinterleaving is done. Finally, the bit stream is soft-
decision-maximum-likelihood (SDML) decoded.

IV. SIMULATIONS

In this section we will present simulation results for
DVB-T with antenna diversity in indoor and outdoor
scenarios. The simulations were done for Doppler fre-
quencies, which follow from typical pedestrian move-
ment in indoor environment and mobile vehicle move-
ment in outdoor parking-lot scenarios.

A. Channel Models

Table I shows the main properties of the wide sense sta-
tionary uncorrelated scattering (WSSUS) channel mod-
els, which were used for simulations. For the individual
scatterers Rayleigh fading is assumed. The mobile ra-
dio channel models are described in [9]. For the indoor
scenario the “"Indoor Commercial Channel B” channel
model is used with a maximum Doppler frequency of
10 Hz, which correspond to a mobile velocity of 1.252
4.5 k—h"—‘) for operation in the 2.4 GHz band. For the out-
door scenario the ”Outdoor Residential —~ High Antenna”
(Channel B) channel model is used. The maximum
Doppler frequency for the outdoor scenario is 50 Hz,
which results in a mobile velocity of 6.25? (22.51%“).
Antenna diversity simulations were done for pairwise
uncorrelated WSSUS channels Hp, p, (k, £).

TABLE 1
MAIN CHANNEL MODEL PROPERTIES
[ I indoor outdoor |
Number of Taps 7 10
max. Channel Delay Tmax 750 ns 15 us
max. Doppler Frequency fDmax 10Hz S0 Hz
Doppler Spectrum Form rectangular Jakes

B. DVB-T System Parameters

For 8 MHz channels the DVB-T standard defines some
basic parameters. In the 2k-mode the OFDM symbol
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On the Equivalence of Space-Time Block Coding with Multipath
Propagation and/or Cyclic Delay Diversity in OFDM

Armin Dammann
German Aerospace Center (DLR)
Institute of Communications and Navigation
PO.Box 1116
82230 Wessling, Germany
E-mail: Armin.Dammann@dir.de

ABSTRACT

In this paper, we show the equivalence of Space-Time
block coding to multipath propagation with respect to
Cyclic Delay Diversity for OFDM systems. Hence, we
can apply existing Space-Time code design criteria and
analyze methods for Space-Time code construction us-
ing Cyclic Delay Diversity OFDM systems in multi-
path propagation environments. i.e. terms like "diversity
gain" and "coding gain" can be used to design, analyze,
compare and understand these OFDM systems from the
Space-Time block coding point of view.

1 INTRODUCTION

Mobile communication systems mainly suffer from
time-varying multipath fading with extremely different
multipath intensity profiles [1]. For systems which work
in multipath environments, an improvement in error per-
formance may become very difficult. In present sys-
tems, a slight improvement in the bit error rate may re-
quire a huge amount of additional transmission power,
which contradicts the goal of economical use of system
resources. It is an enormous challenge to design wireless
communication systems capable of dealing with these
varying scenarios.

Orthogonal frequency division multiplexing (OFDM)
[2] is a suitable technique for broadband transmission
in multipath fading environments and is implemented
in new broadcast standards like terrestrial digital video
broadcasting (DVB-T) [3] as well as wireless local area
network (WLAN) standards [4] such as HIPERLAN/2 or
IEEE 802.11a.

Because of the poor error performance of OFDM in
multipath environments, it is necessary for wireless com-
munications systems to use techniques like interleaving
and channel coding in addition to OFDM. These tech-
niques add redundancy and diversity in time and fre-
quency direction. For many scattering environments, spa-
tial diversity is another effective way to improve the error
performance of wireless radio systems. In [5], [6] space-
time-coding is proposed in order to get the benefits of
channel coding in combination with spatial (antenna) di-
versity. Another approach to achieve spatial diversity ef-
fects for OFDM systems are techniques like Delay Diver-
sity, Cyclic Delay Diversity or Phase Diversity ({71, [8]).

Paul Lusina and Martin Bossert
University of Ulm
Department of Telecommunications
and Applied Information Theory
Albert-Einstein-Allee 43
89081 Ulm, Germany
E-mail: Paul.Lusina@e-technik.uni-uim.de

In this paper we will describe Cyclic Delay Diver-
sity {8] and multipath propagation as a Space-Time block
code. Section 2 first introduces the application of Cyclic
Delay Diversity to OFDM systems. Further more, the
equivalence of Cyclic Delay Diversity with respect to
multipath propagation in OFDM and Space-Time block
coding is shown. In Section 3 we will analyze using
an example the diversity and the coding gain for a CDD
OFDM system in a Rayleigh fading environment.

2 CycLic DELAY DIVERSITY AND MULTIPATH
PROPAGATION AS SPACE-TIME BLOCK CODE
In this section we introduce Cyclic Delay Diversity
(CDD) and show the equivalence between multipath
propagation and CDD. Then multipath propagation and
CDD are described as Space-Time block codes and ana-
lyzed using techniques from [5] and [9].

2.1 Introduction to Cyclic Delay Diversity for
OFDM

Below we will briefly introduce the application of
CDD to OFDM systems as described in detail in [8].
Fig. 1 shows the block diagram of an N-antenna OFDM
transmitter with CDD. The OFDM modulated signal is
transmitted over NV antennas, whereas the particular sig-
nals only differ in an antenna specific cyclic shift. After
cyclic shifting, a cyclic prefix is inserted to avoid inter-
symbol interference and maintain subcarrier orthogonal-
ity for multipath channels. The functional block “UC”
performs an upconversion of the signals from the base-
band into RF-band. d¢yn,n = 1,...,N — 1, denote
cyclic shifts of the OFDM symbol in the time domain.

cyclic
extension

1
1
{
i
{
1

! : \Y%
o cyclic
By

Figure 1: Application of CDD to an OFDM transmitter
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AW W) = (W=-W). (W-W)H

2 2 AoA-
Ap'1AS] ASoBH ASH
Ao
.ASQ;§§!ASH PYSLN-TE
AMN-—1A0"

AS® w1 BHASH

or CDD. Hence, for OFDM systems, a multipath channel
can be considered as an “inherent" Space-Time block
encoder.

Following analysis in [S] and [9] we define the Her-
mitian difference matrix as a M - N x M - N matrix
A(W, W) as depicted in Eq. 3. where W denotes the
Hermitian of W and AS = S — 8§, VS # §. The diago-
nal element of row/column ¢ is defined as

K-1
AASP = a2 |As.. 4)
m=0

For asymptoticly good channels, the diversity gain (rank
criterion) is defined as [9])
min rank[A(W, W)] 3)
S#§
This parameter determines the asymptotic slope of the er-
ror rate curve with respect to the signal to noise ratio. We
define r and vy; as the rank and 4-th nonzero eigenvalue of
the matrix A(W, W), then

min H Vi 6)

over all codeword pairs W,V~V defines the coding gain
(eigen product criterion). This criterion is responsible for
shifting the error rate curve of he chosen construction to
the left for high signal to noise ratios.

3 ANALYSIS

As an example, we analyze a 2-antenna CDD OFDM
system in a Rayleigh fading environment. In this case
N =2, M = 1and A\g = A\ = 1. For the delays we
choose §p = 0 and §; = 1. Then Py is an identity matrix
of size K x K.

As modulation alphabet @, we assume 4-QAM with
|S|? = 1, VS € Q and equiprobable symbols S as shown
in Fig. 3. If we define AQ = {AS = § - 5] 5,5 ¢
Q}, then the probabilities of the elements AS € AQ are
illustrated in Fig. 4 and

E{|ASP} = B{ISP} + E{ISP}=2 (D)

for independent S and 5.
3.1 Rank Criterion

The parameters and assumptions above lead to a Her-
mitian difference matrix as shown in Eq. 8.

2 H H
|AS] ASBHAS ) ®

AW, W) = ( ASBAST  |AS)?

3

AOAMN=1*

AS@oRH | ASH

AMN-2AMN-1*
‘AS@MN_Q‘?ﬁNwlASH

AMN—1AMN-2" 5 ,
ASEpN_1BY _,ASH Avenor[AB]
Imj
O Il o
Z1 VB -
P=j P= 1
t } P
L 1
) 7 Re
9, _715« <
P=3: pP=1

Figure 3: 4-QAM Constellation and Probabilities

Imj

5O

Figure 4: Differential 4-QAM Constellation and Proba-
bilities
The rank of matrix A is as follows:

1. AS = (0,...,0) € AQK <= rank[A]=0

2.A8 = AS - e; ¢ AQK, AS #£ 0, j ¢
{0,1,..., K —1} <> rank[A]=1
e; is a vector where the jth coordinate is 1, and all
other coordinates are zero.

3. else <= rank[A] =2
Proof: We will first proof the "==" direction

1. The rank of a null-matrix is 0.

2. In this case:
|AS]2 >0 = rank[A]>0
and
det(A) =0 = rank[A] <2 = rank[A]=1.
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3. Let us arbitrarily choose 2 components AS, # 0
and AS, # 0 of the vector AS with @ # b and
a,b€{0,1,...,K —1}. Then

K-1

> IAS e

=0

|AS®; ASH | =

< ‘|Asa|2e—f%-?-a +|ASPe T Y +

s

<|AS|2+|ASL[? V astb

K-1
—j2n;
o 5 s e
=0 S i
isaA igb =1

<|AS P + |AS +

K-1
+ > |AS? =|as]
{¢]

i=
iah isth

and therefore det(A) = |AS|® - |AS]® —
]AS‘IH ASHj2 > 0, which means rank[A] = 2.

The cases 1-3 define disjunctive sets of AS. The union
of these sets yields the set of all possible vectors AS.
This implies that the mapping of the sets defined in the
cases 1-3 onto the set {0,1,2} (rank) is a one-to-one
mapping. Therefore, the "<==" direction also holds.

m

Based on the calculations in this section and the sig-
nal constellation probabilities in Fig. 4 we can derive the
probabilities for rank[A] = 0,1, 2.

1. From this section we know: rank[A] = 0 =
AS = (0,.-.,0)
This gives

INE

Prob(rank{A] =0) = <Z) ,

where £ is the probability for AS = 0 (see Fig.4).

Note that in fact rank[A] = 0 is not possible be-

cause of the condition AS =S ~8§, S #£SinEq. 5
and 6.

2.rank[A] = 1 = AS = AS-e; €

AQK AS#0,je{0,1,...,K—1}
and consequently

3 1 K-1
Prob(rank[A} =1) = K - i (Z) ,

where 2 = 1 — 1 is the probability for AS # 0.

Prob(rank[A] =2) = 1— Prob(rank{A]=0)
— Prob(rank{A} = 1)

3K +1
-

Therefore, the larger the number of subcarriers, the
higher the probability that we have full rank. Also, the de-
nominator 4% depends directly on the number of signals
in the modulation constellation. Therefore by increasing
the cardinality of the signal constellation we also drive
the full rank probability towards 1.

3.2 Calculation of the Determinant
In the case of our example, det A(W, W) is

det A(W, W) =
= |AS[ - |AS]? — AS®; AST - ASBF ASH
= |AS]-|AS]? - |AS®B, AST . ©)

The determinant of A(W, V~V) is closely related to the
coding gain criterion which is based on the product of
non-zero eigenvalues.

The minimum product of non-zero eigenvalues will
give the coding gain in asymptotically good channels.
However, by calculating the average determinant value,
we can see how the statistics depend on the chosen code
parameters. The mean value p of det[A (W, W)] is:

E {det A(W, W)}

=
I

il

E{|As;2 -1AS?
~AS®ASY - (AS®,A87)" )
K-1 K-1
E { DIASP Y [AS]?
£=0 m=0
= 2r
—_— 2 . — .._ . -
;:: |AS(|? - exp ( i% e)

iy 27
> |ASR[? exp (j?.m>}

m=0
K-1
= E{|AS|*|ASw*}
£,m=0
il 2
- Y B{IASP 188, e (52 - (m =)
£,m=0
K1 K-1
= Y E{|ASPIASA}+ > E{laSd*}
i =0
K-1 o
- ¥ B{1ASE a5} e (32 - (m~ )
£, m=0 .
L#m

K-1
- > E{|AS*}
£=0
E{|AS]PY - K(K —1) - E{|AS]?}” -

-%exp(j%(m—@)

£,m=0
ttm

E{|ASP} - K(K - 1)

il
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K-1

S e (32 m-0)

£,m=0

K1
- Z exp (]_2__75. .0))
£=0 K

= E{|ASPY K(K-1)

~ E{]ASP)>.

K-1
- E{IAS]2}2 . Z exp (]?jg— . (m—l)) -K
£,m=0
=0
p = K2 -E{|ASP) (10)

Equation 10 shows that the average value of the de-
terminant will increase with K, the number of OFDM
carriers and the average separation between signals
E {|AS[2}2. Therefore densely packed signal constel-
lations would be expected to have a low coding gain ad-
vantage.

3.3 Channel Coding

From the calculations in Section 3.1 and 3.2 we can
see that unfortunately ming_g rank[A(W,W)] = 1,
i.e. for the considered examptle, multipath propagation or
antenna diversity does not provide full diversity gain, if it
is used on its own. The calculations in Section 3.1 imply
that we have to guarantee a minimum Hamming Weight
of 2 for AS. This can be fulfilled by using a single parity
check code in the real and imaginary part of the consid-
ered 4-QAM alphabet.

4 CONCLUSIONS

In this paper we have presented a system model which
uses multiple antennas to transmit cyclic delayed copies
of an OFDM symbol. We term this technique Cyclic De-
lay Diversity (CDD). Furthermore, we extend the trans-
mission model to include multipath components, and de-
rive a condition on the antenna delays which insure that
multipath and antenna delay components have equivalent
descriptions from the receiver point of view.

In Section 2.3 the Hermitian difference matrix of a
CDD codeword pair with multipath components is de-
rived. The rank and non-zero eigen product of this ma-
trix determines the diversity and coding gain of the code
as presented in [5].

Section 3 gives a method for finding a bound for non-
full spacial diversity codeword pairs for a specific sce-
nario. In general, it was shown that by increasing the
number of OFDM carriers, or the cardinality of the sig-
nal space, the probability of having full rank codeword
pairs approaches 1. The determinant between codeword
pairs was shown to increase with the number of OFDM
carriers, and the average separation among signal con-
stellation points. The determinant is closely related to
the product of non-zero eigen values which determine the
space-time coding gain. Though a general proof of the di-
versity properties of CDD systems has not yet been com-
pleted, the similarity with traditional temporal delay di-

versity schemes which achieve full spatial diversity ([5])
motivates further theoretical research in this direction.

The requirements for full rank derived in our example
can easily be met with a single parity check code. This
motivates further investigations of combining cyclic de-
lay diversity with coding.

The error rate performance improvement of CDD on
practical systems has already been shown through sim-
ulations ([8]) using a standard OFDM receiver. A link
to Space-Time codes may lead to better receiver designs
which exploit the inherent CDD diversity, or to modifi-
cations of CDD which improve error rate performance,
complexity, or information rate.
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