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MULTI-USER MIMO RECEIVER AND 
METHOD FOR DECODING SIMULTANEOUS 
UPLINK TRANSMISSIONS FROM MOBILE 

STATIONS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

2 
explicitly required, and the sequence of operations may vary. 
Portions and features of some embodiments may be included 
in or substituted for those of others. Embodiments of the 
invention set forth in the claims encompass all available 

5 equivalents of those claims. Embodiments of the invention 
may be referred to, individually or collectively, herein by the 
term "invention" merely for convenience and without intend­
ing to limit the scope of this application to any single inven-

This patent application is a continuation of U.S. patent 
application Ser. No. 11/171,643, filed on Jun. 29, 2005, now 10 

issued as U.S. Pat. No. 7,480,497, which is incorporated 
herein by reference in its entirety. 

tion or inventive concept if more than one is in fact disclosed. 
FIG. 1 illustrates a wireless communication network in 

accordance with some embodiments of the present invention. 
Wireless network 100 comprises receiving station 102 and 
one or more of a plurality of transmitting stations 104. This patent application is related to U.S. patent application 

Ser. No. 11/172,449, filed on Jun. 29, 2005, U.S. patent appli­
cation Ser. No. 11/172,451, filed on Jun. 29, 2005, and U.S. 15 

patent application Ser. No. 11/172,452, filed on Jun. 29, 2005. 

Receiving station 102 may provide for communications 
between associated transmitting stations 104 and may allow 
associated transmitting stations 104 to communicate with one 
or more external networks, such as the Internet. 

TECHNICAL FIELD 

Some embodiments of the present invention pertain to 
multicarrier wireless communications, and some embodi­
ments pertain to channel estimation and carrier frequency 
offset estimation for in multiple-input multiple-output 
(MIMO) receivers of wireless local area networks (WLAN s ). 

BACKGROUND 

In order to help reduce latency between communications 
with several transmitting stations, some multicarrier commu­
nication stations may desire to receive communications from 
several transmitting stations concurrently. One difficulty with 
concurrently receiving multiple spatial streams from differ­
ent transmitting stations is that each transmitting station uses 
a different oscillator for generating carrier frequencies. 
Because the oscillators are not synchronized, each carrier 
frequency may have a different carrier frequency offset that 
should be compensated for in the receiving station. Further­
more, the channel between each transmitting station and the 
receiving station may also exhibit different channel charac­
teristics which should also be taken into account by the 
receiving station. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In some embodiments, receiving station 102 may be a 
wireless access point (AP), such as a Wireless Fidelity 

20 (WiFi), Worldwide Interoperability for Microwave Access 
(WiMax), or broadband communication station, although the 
scope of the invention is not limited in this respect as receiv­
ing station 102 may be almost any communication station. In 
some embodiments, transmitting stations 104 may be com-

25 munication stations (STAs), such as WiFi, WiMax, or broad­
band communication stations, although the scope of the 
invention is not limited in this respect. 

In accordance with some embodiments of the present 
invention, receiving station 102 employs a multi-user uplink 

30 with more than one ofassociated transmitting stations 104. In 
these embodiments, latency may be reduced for applications 
operating on selected associated transmitting stations 104. 
The applications may include time-sensitive applications, 
such as voice over IP (VoIP) or streamed video applications, 

35 which may have time-sensitive packet transmission require­
ments. In some embodiments, the applications may include 
applications having quality-of-service (QOS) level require­
ments. Quality-of-service level requirements may include 
data rate requirements, error rate requirements and/or packet 

40 priority requirements. In some embodiments, the quality-of­
service level requirements may be based on the information 
content of the communications. The applications may also 
include less time-sensitive applications such applications that 

FIG. 1 illustrates a wireless communication network in 45 

communicate best-effort traffic as well as background traffic. 
Although some embodiments of the present invention are 
described reducing latency for time-sensitive applications, accordance with some embodiments of the present invention; 

FIG. 2 is a block diagram of a receiving station in accor­
dance with some embodiments of the present invention; 

FIG. 3 is a flow chart of an iterative channel estimating and 
carrier frequency offset estimating procedure in accordance 
with some embodiments of the present invention; 

FIG. 4 illustrates the signal processing operations per­
formed for one receive signal path in accordance with some 
embodiments of the present invention; and 

FIGS. SA and SB illustrate simulation results of the mean 
square error (MSE) of the channel estimate against the signal­
to-noise ratio (SNR) for different carrier frequency offsets in 
accordance with some embodiments of the present invention. 

DETAILED DESCRIPTION 

The following description and the drawings illustrate spe­
cific embodiments of the invention sufficiently to enable 
those skilled in the art to practice them. Other embodiments 
may incorporate structural, logical, electrical, process, and 
other changes. Examples merely typify possible variations. 
Individual components and functions are optional unless 

the scope of the invention is not limited in this respect, as 
some embodiments are equally applicable to almost any com­
munication application operating on a transmitting station. In 

50 some embodiments, time-sensitive applications may refer to 
any communication application having a packet-latency 
requirement. 

In some embodiments, power consumption of associated 
communications stations 104 may also be reduced. In some 

55 embodiments, receiving station 102 may substantially simul­
taneously receive uplink data through two or more receive 
antennas from two or more associated transmitting stations 
104 on the same frequency subcarriers of a multicarrier com­
munication channel. In these embodiments, receiving station 

60 102 may internally separate the uplink data transmitted by the 
two or more associated transmitting stations 104 using chan­
nel estimates for each associated transmitting station from 
which a transmission is received. In some embodiments, 
receiving station 102 may take advantage of the antenna 

65 diversity resulting from differently located associated trans­
mitting stations. These embodiments are discussed in more 
detail below. 
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In accordance with some embodiments of the present 
invention, receiving station 102 receives long and short fre­
quency-interleaved orthogonal training signals that were con­
currently transmitted from transmitting stations 104. The 
training signals are received through each receive antenna 
103 ofreceiving station 102. Receiving station 102 generates 
channel estimates and carrier frequency offset (CFO) esti­
mates for each of the transmitting stations 104 from the 
received training signals by performing an iterative decoding 
process using previously generated channel estimates and 
previously generated CFO estimates to cancel intercarrier 
interference (ICI) from the received training signals present 
due to loss of orthogonality induced by carrier frequency 
offsets. These embodiments are described in more detail 
below. 

In some embodiments, transmitting stations 104 are polled 
to simultaneously respond. In some embodiments, each trans­
mitting station 104 may use part of a standard preamble, such 
as an IEEE 802.1 ln preamble referenced below, so that trans­
mitting stations 104 together form a virtual MIMO system. 
Receiving station 102 may have an equal or greater number of 
antennas 103 than the number of selected transmitting sta­
tions 104 to resolve the spatial streams transmitted by each 
transmitting station. In some of these embodiments, initial 
CFO estimation is performed during the receipt of a short 
training field (STF) and CFO correction along with channel 
estimation is performed during receipt of a long training field 
(LTF) or preamble. In some of these embodiments, each 
packet may include the STF, the LTF, a data field and a cyclic 
prefix, although the scope of the invention is not limited in 
this respect. 

In accordance with some embodiments, Lcp may be the 
cyclic prefix (CP) length, Lh may be the maximum channel 
length and llmax may be the maximum delay between the 
arrival of the first and last packets. The maximum delay 
should be less than or equal to the length of the cyclic prefix 
minus the maximum channel length, as illustrated by the 
following equation: 

()max~Lcp-Lh. 

FIG. 2 is a block diagram of a receiving station in accor­
dance with some embodiments of the present invention. 
Receiving station 200 may correspond to receiving station 
102 (FIG. 1), although other configurations may also be suit­
able. Transmitting stations 104 (FIG. 1) may be similarly 
configured, although the scope of the invention is not limited 
in this respect. Receiving station 200 may receive multi carrier 
communication signals 201, such as orthogonal frequency 
division multiplexed (OFDM) signals or orthogonal fre­
quency division multiple access (OFDMA) signals, and may 
generate physical (PHY) layer output data 219 for media 
access control (MAC) layer 220. 

Receiving station 200 may comprise a plurality of receive 
antennas 202 to receive communications from associated 
transmitting stations 104 (FIG. 1), radio-frequency (RF) 
receiver circuitry 204 associated with each of antennas 202 to 
generate baseband signals 205, and analog-to-digital conver­
sion (ADC) circuitry to generate digital signals 207 associ­
ated with each receive antenna 202. Receiving station 200 
may also comprise demodulators 208 to generate demodu­
lated signals 209. In some embodiments, demodulators 208 
may comprise OFDM demodulators, although the scope of 
the invention is not limited in this respect. 

Receiving station 200 may also comprise signal processor 
210 to perform carrier frequency offset (CFO) estimation and 
channel estimation as discussed in more detail below. Signal 
processor 210 may also perform an equalization and may 

4 
demap constellations to frequency-domain symbols for each 
subcarrier to generate a data stream 211 associated with each 
transmitting station 104 (FIG. 1). In some embodiments, 
signal processor 210 may generate channel estimates and 

5 carrier frequency offset (CFO) estimates for each of the trans­
mitting stations 104 (FIG. 1) from the received training sig­
nals. In some embodiments, signal processor 210 may per­
form an iterative decoding process using previously 
generated channel estimates and previously generated CFO 

10 estimates to cancel intercarrier interference (ICI) from the 
received training signals present due to loss of orthogonality 
induced by carrier frequency offsets. These operations per­
formed by signal processor 210 are described in more detail 
below. 

15 Receiving station 200 may also comprise deinterleavers 
212 to perform deinterleaving operations on bits 211 and 
multiplexer 214 to multiplex the bits from deinterleavers 212 
to generate frames 215 based on boundary information pro­
vided by bit clock 230 or frame clock 228. Receiving station 

20 200 may also comprise decoder 216 to decode frames 215, 
and unscrambler 218 to unscramble the decoded frames to 
generate PHY layeroutput data 219, although the scope of the 
invention is not limited in this respect. 

Receiving station 200 includes data processing circuitry 
25 222, which may include MAC layer 220. Data processing 

circuitry 222 may select a predetermined number of transmit­
ting stations based on a number of receive antennas 202 
available to receive communication signals from the trans­
mitting stations over a multi-user uplink discussed in more 

30 detail below. In some embodiments, receiving station 200 
may use up to four receive antennas 202 for receiving com­
munication signals 201 from up to four associated transmit­
ting stations. In some embodiments, receiving station 200 
may use up to ten or more receive antennas 202 for receiving 

35 communication signals 201 from up to ten or more associated 
transmitting stations. 

In some embodiments, receiving station 200 may transmit 
and/or receive OFDM or OFDMA communication signals 
over a multicarrier communication channel. These multicar-

40 rier communication signals may be within a predetermined 
frequency spectrum and may comprise a plurality of orthogo­
nal subcarriers. In some embodiments, the orthogonal sub­
carriers may be closely-spaced subcarriers. To help achieve 
orthogonality between the closely-spaced subcarriers, each 

45 subcarrier may have a null at substantially a center frequency 
of the other subcarriers. In some embodiments, to help 
achieve orthogonality between the closely-spaced subcarri­
ers, each subcarrier may have an integer number of cycles 
within a symbol period, although the scope of the invention is 

50 not limited in this respect. 
In some embodiments, the frequency spectrums for the 

multicarrier communication signals communicated between 
receiving station 102 (FIG. 1) and associated transmitting 
stations 104 (FIG.1) may comprise either a 5 GHz frequency 

55 spectrum or a 2.4 GHz frequency spectrum. In these embodi­
ments, the 5 GHz frequency spectrum may include frequen­
cies ranging from approximately 4.9 to 5.9 GHz, and the 2.4 
GHz spectrum may include frequencies ranging from 
approximately 2.3 to 2.5 GHz, although the scope of the 

60 invention is not limited in this respect, as other frequency 
spectrums are also equally suitable. In some broadband and 
WiMax embodiments, the frequency spectrum for communi­
cations may comprise frequencies between 2 and 11 GHz, 
although the scope of the invention is not limited in this 

65 respect. 
In some embodiments, receiving station 102 (FIG. 1) and 

associated transmitting stations 104 (FIG. 1) may transmit 
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FIG. 3 is a flow chart of an iterative channel estimating and 
carrier frequency offset estimating procedure in accordance 
with some embodiments of the present invention. Iterative 
channel estimating and carrier frequency offset estimating 

and/or receive RF connnunications in accordance with spe­
cific connnunication standards, such as the Institute of Elec­
trical and Electronics Engineers (IEEE) standards including 
IEEE 802.ll(a), 802.ll(b), 802.ll(g), 802.ll(h) and/or 
802.11 (n) standards for wireless local area networks 
(WLANs), although these stations may also be suitable to 
transmit and/or receive connnunications in accordance with 
other techniques, including techniques in accordance with the 
Task Group N (TGn) Sync (TGnSync) draft proposal for the 
IEEE 802.1 ln standard for MIMO WLAN connnunications. 

5 procedure 300 may be performed by a signal processor of a 
receiving station to generate carrier frequency offset esti­
mates and channel estimates for each of a plurality of trans­
mitting stations for use in separating data signals transmitted 
by the transmitting stations. In some embodiments, most 

10 operations of iterative channel estimating and carrier fre­
quency offset estimating procedure 300 may be performed by 
signal processor 210 (FIG. 2) ofreceiving station 200 (FIG. 
2), although other configurations may also be suitable for 

15 
performing procedure 300. Although the individual opera­
tions of procedure 300 are illustrated and described as sepa­
rate operations, one or more of the individual operations may 
be performed concurrently, and nothing requires that the 

In some broadband and WiMax embodiments, receiving sta­
tion 102 (FIG. 1) and associated transmitting stations 104 
(FIG. 1) may connnunicate broadband wireless connnunica­
tions in accordance with the IEEE 802.16(e) standards for 
wireless metropolitan area networks (WMAN s ), although the 
scope of the invention is not limited in this respect. For more 
information with respect to IEEE 802.11 standards, please 
refer to "IEEE Standards for Information Technology-Tele­
communications and Information Exchange between Sys- 20 

terns-Local and Metropolitan Area Network-Specific 
Requirements-Part 11: Wireless LAN Medium Access Con­
trol (MAC) and Physical Layer (PHY), ISO/IEC 8802-11: 
1999" and related amendments/versions. 

operations be performed in the order illustrated. 
Operation 302 samples the received signal and the short 

training signals included therein may be used to generate an 
initial CFO estimate for each transmitting station in operation 
304. The short training signals may be unique to each trans­
mitting station, allowing a receiving station to generate a CFO 

In some embodiments, receiving station 102 (FIG. 1) and/ 
or any one or more of associated transmitting stations 104 
(FIG. 1) may each be part of a portable connnunication 
device, such as personal digital assistant (PDA), a laptop or 
portable computer with wireless connnunication capability, a 
web tablet, a wireless telephone, a wireless headset, a pager, 
an instant messaging device, a digital camera, a television or 
other device that may receive and/or transmit information 
wirelessly. 

25 estimate for each transmitting station. The number of trans­
mitting stations may be less than or equal to the number of 
antennas used by the receiving station to receive these train­
ing signals. Each transmitting station generally uses one 
antenna to transmit the training signals, although the scope of 

30 the invention is not limited in this respect. As part of operation 
304, the channel estimates are initially set to zero, and opera­
tion 306 comprises storing the initial CFO estimates and 
channel estimates for each transmitting station. Antennas 202 may comprise directional or onmidirec­

tional antennas, including, for example, dipole antennas, 35 

monopole antennas, patch antennas, loop antennas, micros­
trip antennas or other types of antennas suitable for reception 
and/or transmission of RF signals. Although receiving station 
200 is illustrated in FIG. 2 as having four antennas 202 and 
four associated receive signal paths, the scope of the invention 

Operation 308 begins the iterative process in which opera-
tions 308 through 322 are performed for each of the transmit­
ting stations for a predetermined number of iterations. Opera­
tion 308 comprises multiplying the long-training signals of a 
received signal by the initial CFO estimate for the first trans-

40 mitting station and taking a discrete Fourier transform (D FT). 
is not limited in this respect. In some embodiments, receiving 
station 200 may have as few as two receive antennas and as 
many as ten or more receive antennas. 

Operation 310 comprises band-pass filtering the signal to 
exclude tones of the current transmitting station to generate 
filtered signal 311. Operation 312 comprises subtracting 
resultant filtered signal 311 from the received signal. Opera-In some embodiments, bit clock 230 may provide bit 

boundaries to the multiplexer when signal processing cir­
cuitry 210 generates data received from a single associated 
transmitting station 104 (FIG. 1 ). Switching element 23 2 may 
selectively couple either bit clock 230 or frame clock 228 
with the multiplexer. Frame clock 228 may be coupled when 
uplink data is being received substantially simultaneously 
from two or more selected transmitting stations, while bit 
clock 230 may be coupled when uplink data is being received 

45 tions 310 and 312 may be performed on a set of frequency­
domain samples generated by the DFT of the LTS. 

Operation 314 comprises calculating the ICI for the current 
transmitting station using the current channel estimates and 
CFO estimates for the current transmitting station and opera-

at different times from different transmitting stations (i.e., 
when connnunicating in a standard mode). 

50 tion 316 comprises subtracting the ICI from the signal gen­
erated by operation 312 to at least in part, cancel the ICI. The 
result ofoperation 316 is a frequency-domain signal from the 
current transmitting station with reduced ICI. During each 

Although receiving station 200 is illustrated as having sev- 55 

era! separate functional elements, one or more of the func­
tional elements may be combined and may be implemented 
by combinations of software-configured elements, such as 
processing elements including digital signal processors 
(DSPs ), and/or other hardware elements. For example, some 60 

elements may comprise one or more microprocessors, DSPs, 
application specific integrated circuits (ASICs), and combi­
nations of various hardware and logic circuitry for perform­
ing at least the functions described herein. In some embodi­
ments, the functional elements of receiving station 200 may 65 

refer to one or more processes operating on one or more 
processing elements. 

iteration, additional ICI may be cancelled. 
Operation 318 comprises estimating the channel based on 

the tones (i.e., subcarriers) present in the current transmitting 
station's training signals, which are known. Operation 320 
comprises storing the updated channel estimates for subse­
quent use by operation 314 during the next iteration. 

Operation 322 comprises estimating the CFO for the cur­
rent transmitting station based on the signals generated in 
operation 316. Operation 320 comprises updating the CFO 
estimate for the current transmitting station for subsequent 
use by operation 314 during the next iteration. 

Operation 324 comprises repeating operations 308 through 
3 22 for the next transmitting station using the current channel 
estimate and CFO estimate for the next transmitting station. 
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Upon the initial completion of operation 324, channel esti­
mates and CFO estimates result for each transmitting station 
based on a first iteration. 

8 
CFO of the m th transm1ttmg station with respect to the 
receiver antenna and Ts is the sampling time. In this equation, 
Xm represents the long training signals. In some embodi­
ments, the long training signals may correspond to the long Operation 326 repeats operations 308 through 324 for a 

predetermined number of iterations. In some embodiments, 
the number ofiterations may depend on whether the CF Os are 
closely-spaced (e.g., CFOs ranging from -20 KHz to +20 
KHz) or whether the CFOs are widely-spaced CFOs (e.g., 
CFOs ranging from +50 KHz to -50 KHz). More iterations 
may be selected for widely-spaced CF Os, although the scope 
of the invention is not limited in this respect. 

5 training field (LTF) sequence (e.g., a frequency interleaved 
OFDM symbol) of the m th transmitter transmitted during a 
preamble, such as a physical layer convergence protocol 
(PLCP) preamble, although the scope of the invention is not 
limited in this respect. In some embodiments, Xm HXP =limp 

10 where limp=! when m=p and limp=0 when m;,p. In these 
embodiments, Xm may comprise+ 1, -1 and Oas defined in the 
IEEE 802.11 a/n standards referenced above. In this equation, 
(j' may represent an inverse-discrete Fourier transform 

Operation 328 comprises using the final CFO estimate and 
channel estimate for each transmitting station to process data 
signals for each transmitting station. With sufficient itera­
tions, performance substantially equivalent to a single-input 
single-output (SISO) channel estimation may be obtained. 

FIG. 4 illustrates the signal processing operations per­
formed for one receive signal path in accordance with some 
embodiments of the present invention. Signal processing 
operations 400 may correspond to operations performed by 
signal processor 210 (FIG. 2) for baseband signals 209 (FIG. 

15 
(IDFT) matrix and (.r may denote the conjugate and trans­
pose. In this equation, Hz m may be a circulant matrix repre­
senting a time domain fa<ling channel between the m th trans­
mitting station and the l'h receiving antenna. The circulant 
matrix Hz m may alternatively be represented by diagonal 

20 matrix D/m =QHz met' which may comprise frequency-do­
main chan°nel coefficientS. l]z may represent an additive white 
Gaussian noise vector at the l'h antenna. 

2) received through one of RF signal paths. In this example, 
antenna 401 may correspond to one of antennas 201 (FIG. 2) 
and signal yl may correspond to one ofbaseband signals 209 25 

(FIG. 2). 
In this example, mathematical expression 402 represents a 

band-pass filter matrix for tones excluding the tones transmit­
ted by nth transmitting station and may be generated by opera­
tion 310 (FIG. 3). Operation 404 illustrates the generation of 30 

a received signal due to the nth transmitting station also cor­
responding to operation 310 (FIG. 3). 

In this example, mathematical expression 406 represents 
CFO correction and the performance of a DFT and may 
correspond to operation 308 (FIG. 3). Operation 408 corre- 35 

sponds to operation 312 (FIG. 3). 

A diagonal matrix 

may be derived from the summation of the orthogonal trans­
mitted vectors except xn. xnd=I-IXrdnl and en may be 
defined to be the estimated CFO for the nth station, and the 
channel coefficients Dz n may be estimated in accordance with 
signal processing oper~tions 400. This process is an iterative 
decoding process in which previous estimates of the channel 
are used to cancel the intercarrier interference (ICI) present 
due to loss in orthogonality induced by CFO. FIG. 4 shows 
only one arm (i.e., the operations for one receive antenna), 

In this example, mathematical expression 410 represents 
the output of the channel (1t

h receiver and nth transmitter) 
along with the ICI due to other transmitting stations and may 
correspond to signal 313 (FIG. 3). 

In this example, mathematical expression 412 represents 
the estimated ICI on all the tones corresponding to operation 
314 (FIG. 3). 

40 
however the other channel estimates may be derived simi­
larly. 

In this example, mathematical expression 414 is a multi­
plying factor used to extract ICI on the signal represented by 45 

mathematical expression 410 from mathematical expression 
412. Operation 416 illustrates the canceling of ICI corre­
sponding to operation 316 (FIG. 3). 

In this example, mathematical expression 420 represents 
the inverse of the diagonal matrix of the transmitted signal 50 

from the nth transmitting station. Operation 421 represents the 
generation of the channel estimates corresponding to opera­
tion 318 (FIG. 3). In this example, mathematical expression 
422 represents the channel estimates of the channel between 
the nth transmitting station and the 1

th receiver antenna. 55 
In an example embodiment with M transmitting stations 

104 (FIG.1), the received baseband signal yl on one of the 1t
h 

receive antennas of the receiving station may be represented 

From equation (1) above the nth component may be sepa­
rated out as shown in equation (2) below: 

M 

Yt = CnHt.nQH Xn + ~ CmHt.mQH Xm + 1Jt 
m=l 
m,n 

(2) 

Multiplying both sides of equation (2) by en Hand taking 
the DFT may result in: 

M 

QC~ Yt = QC~ CnHt.nQHXn + QC~~ CmHt.mQH Xm + QC~JJL 
m=l 
m,n 

(3) 

by the following equation: Assuming near perfect CFO estimation en Hcn""I; in which 
60 l·I denotes absolute value in the following equations. 

M 

Yt = ~ CmH1.mQH Xm + 1Jt 

(1) 

m=l 

In this equation, Cm =CFO diagonal matrix given by diag(l, 
rJ2 PT,Mm,rJ2 PT,2Mm, ... d2 PT,(N-l)t,.fm); li.fm may represent the 

65 

M ~ 

IX;;,IQC~ Yt = IX;;,ID1.nXn + IX;;,IQC~ ~ CmH1.mQH Xm + IX;;,IQC~ 1Jt 
m=l 
m,n 
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The first term in the right hand side of the above equation 
may reduce to zero when Xr and Xn are orthogonal. Therefore 
equation ( 4) may reduce to: 

Yt,n = IX,'.;,IQC~ Yt 

M 

= IX,'.;,IQC~ ~ CmHt,mQH Xm + IX,'.;,IQC~ 1Jt 
m=l 
m,n 

(5) 

From equations (3) and (5), the following relation may be 
obtained: 

'H 
G,,n = QCn Yt - Y,,n 

M 

= Dt,nXn + (/ - IX,'.;,l)QC~ ~ CmHt,mQH Xm + (/ - IX,'.;,l)QC~ J)t 
m=l 
m,n 

(6) 

10 
iteration are illustrated by plot 501, channel estimation results 
for three iterations are illustrated by plot 503, and channel 
estimation results for five iterations are illustrated by plot 
505, In FIG, 5B, channel estimation results for one iteration 

5 are illustrated by plot 511, channel estimation results for five 
iterations are illustrated by plot 515, and channel estimation 
results for ten iterations are illustrated by plot 520, 

In the simulation results illustrated in FI GS, SA and 5B, the 
total delay may correspond to (i) packets arrival delays at the 

10 receiving station due to different distances of the transmitting 
station from the receiving station, (ii) PHY-MAC interface 
delay of each transmitting station, and (iii) the channel 
spread, The total delay is assumed to be equal or less than the 
cyclic prefix of an OFDM symbol. FIGS, SA and 5B illustrate 

15 results for a channel delay of50 ns, which is sometimes found 
in an office WLAN environment As illustrated in FIG, SA, 
for closely-spaced CFOs, performance substantially equiva­
lent to a single-input single-output (SISO) channel estimation 
may be obtained within five iterations, As illustrated in FIG, 

20 5B, for widely-spaced CFOs additional iterations (up to ten, 
for example) may be required to achieve similar performance 
illustrated in FIG. SA 

The diagonal matrix Dz n may provide the frequency-do­
main channel coefficients ~orresponding to non-zero tones of 
the nth station's training signals, The second term in equation 

25 
(6) may represent the ICI due to CFO, Frequency-domain 
channel estimates for the spatial channel corresponding to the 
nth station and the 1th receiving antenna of receiving station 
may be estimated as follows: 

Unless specifically stated otherwise, terms such as pro­
cessing, computing, calculating, determining, displaying, or 
the like, may refer to an action and/or process of one or more 
processing or computing systems or similar devices that may 
manipulate and transform data represented as physical (e.g., 
electronic) quantities within a processing system's registers 
and memory into other data similarly represented as physical 
quantities within the processing system's registers or memo­
ries, or other such information storage, transmission or dis-

(7) 30 

diag(l)z n) is a vector and Dz n is the diagonal matrix, The 
estimate of equation (7) may b~ further improved through an 
iterative process described by equation (8) where cm and Dz n' 
are known through estimation as described above and i is the 
iteration number, 

diag(b;;
1

) = diag(Xn)-
1 

X [G,,n - IXndlQC~ t CmQH b;,mxmJ 

m,n 

(8) 

play devices, 
Some embodiments of the present invention may be imple­

mented in one or a combination of hardware, firmware and 
35 software, Embodiments of the invention may also be imple­

mented as instructions stored on a machine-readable 
medium, which may be read and executed by at least one 
processor to perform the operations described herein, A 
machine-readable medium may include any mechanism for 

40 storing or transmitting information in a form readable by a 
machine ( e.g., a computer), For example, a machine-readable 
medium may include read-only memory (ROM), random­
access memory (RAM), magnetic disk storage media, optical Matrix diag(Xn) is a rank-deficient diagonal matrix since it 

has only a subset (i.e. KIM interleaved tones) of non-zero 
terms, The zeros are oflittle concern because those rows don't 45 

storage media, flash-memory devices, electrical, optical, 
acoustical or other form of propagated signals ( e.g., carrier 
waves, infrared signals, digital signals, etc.), and others, contribute to Dz n so only non-zero terms are inverted while 

determining the'inverse of diag(Xn), 
In some example embodiments which use four transmit­

ting stations and one receiving station, such as an IEEE 
802.lln access point, each transmitting station may use a 
single antenna for transmitting uplink signals; and the pre­
amble portion may comprise a sequence of frequency inter­
leaved orthogonal tones in the form of an LTF. The preambles 
of the transmitting stations are combined together in the chan­
nel to form a high throughput (HT)-WLAN preamble, such as 
the preamble defined in the Task Group N (TGn) Sync (TGn­
Sync) draft proposal for the IEEE 802.lln standard for 
MIMO WLAN network communications, 

The Abstract is provided to comply with 37 C,F,R, Section 
1.72(b) requiring an abstract that will allow the reader to 
ascertain the nature and gist of the technical disclosure, It is 

50 submitted with the understanding that it will not be used to 
limit or interpret the scope or meaning of the claims, 

In the foregoing detailed description, various features may 
be occasionally grouped together in a single embodiment for 
the purpose of streamlining the disclosure, This method of 

55 disclosure is not to be interpreted as reflecting an intention 
that the claimed embodiments of the subject matter require 
more features than are expressly recited in each claim, Rather, 
as the following claims reflect, invention may lie in less than 
all features of a single disclosed embodiment Thus the fol-FIGS, SA and 5B illustrate simulation results of the mean 

square error (MSE) of the channel estimate against the signal­
to-noise ratio (SNR) for different carrier frequency offsets in 
accordance with some embodiments of the present invention, 
FIG, SA shows the channel estimation results 500 for closely­
spaced CFOs (e.g., CFOs ranging from -20 KHz to +20 
KHz), FIG, 5B shows the channel estimate results 510 for 65 

widely-spaced CFOs (e.g., CFOs ranging from +50 KHz to 
-50 KHz), In FIG, SA, channel estimation results for one 

60 lowing claims are hereby incorporated into the detailed 
description, with each claim standing on its own as a separate 
preferred embodiment 

What is claimed is: 
l, A method of decoding signals simultaneously received 

from a plurality of mobile stations at a base station having a 
plurality of receive antennas, each associated with a receive­
signal path, the method comprising: 



US 8,498,346 B2 
11 12 

wherein the data signals comprise voice-over-IP (VoIP) 
corresponding to the separate data streams associated 
with each mobile station. 

transm1ttmg signals to the mobile stations by the base 
station, the signals comprising a plurality of orthogonal 
frequency subcarriers in accordance with an orthogonal 
frequency division multiple access (OFDMA) tech­
nique; 

for each receive-signal path, separately demodulating 
training signals received from each of the mobile sta­
tions; 

4. The receiver of claim 3 wherein the signals transmitted 
5 by the base station include streamed video in accordance with 

a quality-of-service (QOS) level, and 
wherein the iterative decoding process uses previously 

generated charmel estimates and previously generated 
carrier frequency offset estimates to cancel intercarrier 
interference from the received training signals induced 
by carrier frequency offsets. 

generating channel estimates for each of a plurality of 
spatial channels between the mobile stations and the 10 

base station based on the separately demodulated train­
ing signals; 

5. A multi-user Multiple-Input and Multiple-Output 
(MIMO) system comprising a base station having a receiver 
configured to decode signals simultaneously received from a 

15 plurality of mobile stations, the receiver comprising: 

generating a carrier-frequency offset (CFO) for each of the 
mobile stations by performing an iterative decoding pro­
cess that includes removal of portions of the received 
training signals transmitted by mobile stations other 
than a current mobile station to generate the CFO for the 
current mobile station; 

concurrently receiving non-orthogonal data signals from 20 

the mobile stations over the spatial channels; and 
applying the channel estimates and the multiple CFOs to 

the data signals on a station-by-station basis to generate 
a separate data stream associated with each mobile sta­
tion, 

wherein the data signals comprise voice-over-IP (VoIP) 
corresponding to the separate data streams associated 
with each mobile station. 

2. The method of claim 1 wherein the signals transmitted 

25 

by the base station include streamed video in accordance with 30 

a quality-of-service (QOS) level, and 
wherein the iterative decoding process uses previously 

generated charmel estimates and previously generated 
carrier frequency offset estimates to cancel intercarrier 
interference from the received training signals induced 35 

by carrier frequency offsets. 
3. A receiver configured to decode signals simultaneously 

received from a plurality of mobile stations at a base station 
having a plurality of receive antennas, each associated with a 
receive-signal path, the receiver being part of a base station 40 

configured to transmit signals to the mobile stations using a 
plurality of orthogonal frequency subcarriers in accordance 
with an orthogonal frequency division multiple access 
(OFDMA) technique, the receiver comprising: 

demodulation circuitry, associated with each of the 45 

receive-signal paths, to separately demodulate training 
signals received from each of the mobile stations; and 

signal processing circuitry to generate charmel estimates 
for each of a plurality of spatial charmels between the 
mobile stations and the base station based on the sepa- 50 

rately demodulated training signals, 
wherein the receiver is configured to concurrently receive 

non-orthogonal data signals from the mobile stations 
over the spatial channels, 

wherein the signal processing circuitry is configured to 55 

generate multiple carrier-frequency offsets (CFOs), 
each CFO being associated with one of the mobile sta­
tions, and apply the channel estimates and the multiple 
CFOs to the data signals on a station-by-station basis to 
generate a separate data stream associated with each 60 

mobile station, 
wherein for each mobile station, the CFO estimate is gen­

erated by performing an iterative decoding process that 
includes removal of portions of the received training 
signals transmitted by mobile stations other than a cur- 65 

rent mobile station to generate the carrier frequency 
offset for the current mobile station, and 

a plurality of receive-signal paths, each associated with a 
receive antenna, the base station configured to transmit 
signals to the mobile stations using a plurality of 
orthogonal frequency subcarriers in accordance with an 
orthogonal frequency division multiple access 
(OFDMA) technique, 

demodulation circuitry, associated with each of the 
receive-signal paths, to separately demodulate training 
signals received from each of the mobile stations; and 

signal processing circuitry to generate charmel estimates 
for each of a plurality of spatial channels between the 
mobile stations and each of the receive antennas based 
on the separately demodulated training signals, the sig­
nal processing circuitry to apply the charmel estimates to 
data signals received from the mobile stations through 
the receive-signal paths to generate a separate data 
stream associated with each mobile station, 

wherein each of the mobile stations concurrently transmits 
the training signals and concurrently transmits the data 
signals to the base station using at least one orthogonal 
subcarrier per mobile station, 

wherein the signal processing circuitry is further config-
ured to generate carrier frequency offset estimates for 
each of the mobile stations from the separately demodu­
lated training signals by performing an iterative decod­
ing process using previously generated channel esti-
mates and previously generated carrier frequency offset 
estimates to cancel intercarrier interference from the 
received training signals induced by carrier frequency 
offsets, 

wherein for each mobile station, the iterative decoding 
process includes removal of portions of the received 
training signals transmitted by mobile stations other 
than a current mobile station to generate the carrier 
frequency offset for the current mobile station. 

6. A multi-user (MU) Multiple-Input and Multiple-Output 
(MIMO) (MU-MIMO) receiver configured to decode signals 
simultaneously received from a plurality of mobile stations, 
the receiver comprising: 

demodulation circuitry to separately demodulate training 
signals received from each of the mobile stations; and 

signal processing circuitry configured to generate carrier 
frequency offset estimates for each of the mobile sta­
tions from the separately demodulated training signals 
by performing an iterative decoding process using pre­
viously generated channel estimates and previously gen-
erated carrier-frequency offset (CFO) estimates to can­
cel intercarrier interference from the received training 
signals induced by carrier frequency offsets, 

wherein for each mobile station, the iterative decoding 
process includes removal of portions of the received 
training signals transmitted by mobile stations other 
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than a current mobile station to generate the carrier 
frequency offset for the current mobile station. 

14 
11. The MU-MIMO receiver of claim 9 wherein the 

receiver is part of a transceiver configured to transmit signals 
to the mobile stations using a plurality of orthogonal fre­
quency subcarriers in accordance with an orthogonal fre-

7. The MU-MIM O receiverof claim 6 wherein the training 
signals are uplink training signals based on a known sequence 
type. 5 quency division multiple access (OFDMA) technique, 

8. The MU-MIMO receiver of claim 7 wherein each of the 
mobile stations transmits data signals within resource ele­
ments to the base station. 

9. The MU-MIMO receiver of claim 8 wherein the signal 10 
processing circuitry is to apply the channel estimates and the 
multiple CF Os to the data signals on a station-by-station basis 
to generate a separate data stream associated with each 
mobile station. 

10. The MU-MIMO receiver of claim 9 wherein the data 15 

signals transmitted by the mobile stations comprise voice­
over-IP (VoIP) corresponding to the separate data streams 
associated with each mobile station. 

wherein the signals transmitted to the mobile stations in 
accordance with the OFDMA technique include 
streamed video in accordance with a quality-of-service 
(QOS) level. 

12. The MU-MIMO receiverof claim 9 further comprising: 
a plurality of receive-signal paths, each associated with a 

receive antenna, and 
wherein the signal processing circuitry is to generate the 

channel estimates for each of a plurality of spatial chan­
nels between the mobile stations and a base station based 
on the separately demodulated training signals received 
through the plurality ofreceive-signal paths. 

* * * * * 




