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(57) ABSTRACT

A MIMO OFDM system for TICM includes a tone-level
interleaver at the transmitter using a block of N, symbols as
its basic unit. This results in different decoding architectures
at the receiver. The main advantage of TICM is to merge
soft-bit demapping into the Viterbi algorithm. Taking advan-
tage of the trellis structure inherent in the Viterbi algorithm,
TICM can have lower computational complexity and poten-
tially better performance than BICM with the LSD detector
and the vector demapper. Although the tone-level interleaving
may not have spatial diversity gain, the performance is not
affected in 802.11n environments.
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1
TONE-INTERLEAVED CODED
MODULATION SCHEME FOR MIMO OFDM
COMMUNICATION

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to wireless communications.
More particularly, the present invention relates to multi-input
multi-output (MIMO) orthogonal frequency division multi-
plexing (OFDM) wireless communications.

2. Description of the Prior Art

Orthogonal frequency division multiplexing (OFDM)
technique is known to have high spectrum efficiency and to be
robust against inter-symbol interference (ISI) and fading
caused by multi-path propagation. Another useful technique
is bit-interleaved coded modulation (BICM), which has been
widely used in OFDM systems. BICM is used between an
encoder and a modulator for eliminating burst errors. Due to
fast growth, existing wireless communication systems are not
able to meet the demands for transmission bandwidth. Multi-
input multi-output (MIMO) technique, by employing mul-
tiple transmit and receive antennas, is introduced to provide
higher channel capacity which increases approximately lin-
early with the number of antennas used. Combining with
MIMO structure, OFDM systems can further enhance the
spectrum efficiency.

FIG. 1 is a block diagram illustrating a conventional
MIMO OFDM system for BICM. Referring to FIG. 1, the
conventional MIMO OFDM system 1 includes a transmitter
10 and a receiver 20. The transmitter 10 includes N, transmit
antennas 18.1-18 N, and the receiver 20 includes N, receive
antennas 28.1-28.N,. An MIMO channel is formed among
the transmit antennas 18.1-18.N,. and the receive antennas
28.1-28.N,.

At the transmitter 10, information bits are encoded by a
convolutional code (CC) encoder 11. The coded bits output-
ted from the CC encoder 11 may be punctured for variable
code rates by apuncturer 12. The coded and punctured bits are
parsed to multiple antenna streams by a parser 13 in a round-
robin fashion. Each antenna stream is coped with a bit-level
interleaver 14.p, a QAM mapper 15 p, a IFFT/GI modulator
16.p, an analog/RF circuit 17.p and a transmit antenna 18.p,
where p represents the index of the transmit antenna and pe{1,
2,3,...,N,}. Itis noted that the QAM mapper 15.p and the
IFFT/GI modulator 16.p form an OFDM structure.

The bit-level interleaver 14.p formats its input bits in a
rectangular array of m rows and n columns as shown in FIG.
2. Referring to FIG. 2, the input bits {b,,b,, b, L, b,,,,} are
read in row-wise and read out column-wise by the bit-level
interleaver 14.p. Then, the bit-level interleaver 14.p outputs
the interleaved bits {b,, b,., 1, Damets Ls Dyromerts Dabperas
by, Lob, 5. L, b 1} Referring again to FIG. 1, the
interleaved bits are converted into QAM symbols by the
QAM mapper 15.p. The QAM symbols are then fed to the
IFFT/GI modulator 16.p, arranged into OFDM symbols, and
finally transmitted by the analog/RF circuit 17.p.

At the receiver 20, an electromagnetic signal outputted
from the transmitter 10 is passed through the MIMO channel
and received by the receiver 20. Simply speaking, the receiver
20 is the reverse process of the transmitter 10. For example,
the IFFT/GI modulator 16.p inserts guard interval (GI) and
then implements inverse FFT (IFFT). However, the FFT/GI
demodulator 26.¢ implements FFT and then removes GI,
where q represents the index of the receive antenna and q €{1,
2,3, ..., Ng}. The bit-level deinterleaver 24.¢ formats its
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2

input bits in the same rectangular array as shown in FIG. 2, but
its input bits are read in column-wise and read out row-wise.

For the equalizer 29, the commonly used equalizers
include the zero-forcing (ZF) and minimum mean-square
error (MMSE) equalizers. After equalization, the MIMO
OFDM system 1 in each tone becomes multiple single-input
single-output (SISO) systems. For the Viterbi decoder 21, a
one-dimensional soft-bit demapper 25.¢ for each SISO sys-
tem is also required. It is conceptually simple and easy to be
implemented, but not optimal. This is because after equaliza-
tion, noise components at the receive antennas 28.1-28.N,
become correlated. Accordingly, the performance of the
MIMO OFDM system 1 for BICM can be greatly degraded in
typical MIMO channel conditions. A solution to the problem
is to apply an optimal multi-dimensional soft-bit demapper.
However, its computational complexity is very high.

Recently, a soft detector using a list sphere decoding (LSD)
algorithm, called the LSD detector, has been proposed to
replace the equalizer 29. The LSD detector provides a list of
candidates allowing the bit metrics to be computed with lower
complexity. Although the L.SD detector can reduce the com-
plexity of the optimal multi-dimensional soft-bit demapper,
the computational complexity is still high, and the size of the
memory required to save the candidate list is large, particu-
larly when the number of the transmit antennas is large and
when the size of the QAM mapper is large.

It would, therefore, be desirable to provide a MIMO
OFDM system having lower computational complexity, par-
ticularly when the number of the transmitter antennas is large
and when the size of the constellation mapper (e.g. QAM
mapper) is large.

SUMMARY OF THE INVENTION

The present invention provides a MIMO OFDM system
using a tone-interleaved coded modulation (TICM) scheme
to reduce the computational complexity of the decoding pro-
cess.

In one aspect of the invention, the MIMO OFDM system
includes a transmitter and a receiver. The transmitter includes
a channel encoder, a constellation mapper, a tone-level inter-
leaver, a parser and a plurality of multicarrier modulators. The
receiver includes multicarrier demodulators, a tone-level
deinterleaver and a channel decoder.

At the transmitter, the channel encoder receives informa-
tion bits and outputs coded bits. The constellation mapper
converts the coded bits into constellation symbols according
to constellation mappings. The tone-level interleaver receives
the constellation symbols and uses a symbol block of N,
constellation symbols as its basic unit for interleaving, where
N represents the number of the transmit antennas. The parser
parses interleaved symbol blocks and outputs parsed signals
to each corresponding transmit antenna. The multicarrier
modulators modulate the parsed signals before the parsed
signals are transmitted through the transmit antennas.

At the receiver, the multicarrier demodulators demodulate
received signals passed through a MIMO channel formed by
the transmit and receive antennas. The tone-level deinter-
leaver deinterleaves the received signals after demodulation
and outputs deinterleaved symbol blocks. The channel
decoder decodes the deinterleaved symbol blocks. In one
embedment, the channel decoder is a Viterbi decoder includ-
ing a branch metrics calculation unit, an add-compare-select
(ACS) unit and a survivor path decoding unit. The branch
metrics calculation unit calculates branch metrics according
to the deinterleaved symbol blocks and the estimated MIMO
channel. The ACS unit performs an ACS operation according
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to the branch metrics, and the survivor path decoding unit
decodes a survived path with maximum likelihood provided
by the ACS operation.

Because the MIMO OFDM system for TICM uses a block
of N, symbols as its basic unit for interleaving, it results in
different decoding architectures at the receiver. For example,
the soft-bit demapping is merged into the Viterbi decoding.
TICM scheme can have lower computational complexity and
potentially better performance. To further reduce the com-
plexity of TICM, the LSD algorithm has been simplified and
its use has been extended in the decoding process.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings are included to provide a
further understanding of the invention and are incorporated in
and constitute a part of this specification. The drawings illus-
trate embodiments of the invention and, together with the
description, serve to explain the principles of the invention.

FIG. 1 is a block diagram illustrating a conventional
MIMO OFDM system for BICM;

FIG. 2 is a diagram illustrating a conventional bit-level
interleaver formatting its input bits in a rectangular array of m
rows and n columns;

FIG. 3 is a block diagram illustrating a MIMO OFDM
system for TICM in accordance with the preferred embodi-
ment of the present invention;

FIG. 4A and 4B are each atrellis diagram at the j”” stage for
the CC encoder and its re-drawn version respectively;

FIG. 5 is a block diagram illustrating a Viterbi decoder at
the MIMO OFDM receiver for TICM in accordance with the
preferred embodiment of the present invention;

FIG. 6 s a block diagram illustrating an alternative Viterbi
decoder at the MIMO OFDM receiver for TICM as shown in
FIG. 5;

FIG. 7 is a block diagram illustrating another alternative
Viterbi decoder at the MIMO OFDM receiver for TICM as
shown in FIG. 5; and

FIG. 81is a simulation diagram illustrating the performance
comparison of the MIMO OFDM receiver for BICM with a
MMSE equalizer, the MIMO OFDM receivers for BICM
with an LSD detector and a vector demapper, and the MIMO
OFDM receivers for TICM as shown in FIG. 7.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Reference will now be made in detail to the preferred
embodiments of the present invention, examples of which are
illustrated in the accompanying drawings. Wherever pos-
sible, the same reference numbers are used in the drawings
and the description to refer to the same or like parts.

Before the description for the present invention, notations
are defined to be used in the sequel. Scalars are denoted in
lower case letters, vectors are denoted in lower case bold
letters, and matrices are denoted in upper case bold letters.
Also, T and 7 the transpose and conjugate transpose of a
vector or matrix inside the bracket, respectively. Now, the
MIMO OFDM systems for TICM in accordance with the
present invention will be described in three subsections I-I11
as follows.

1. Transmitter and Receiver in the MIMO OFDM Systems for
TICM

FIG. 3 is a block diagram illustrating a MIMO OFDM
system for TICM in accordance with the preferred embodi-
ment of the present invention. Referring to FIG. 3, the MIMO
OFDM system 3 includes a transmitter 30 and a receiver 40.
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The transmitter 30 includes a channel encoder 31, a constel-
lation mapper 32, a tone-level interleaver 33, a parser 34,
multicarrier modulators 35.1-35.N ,, analog/RF circuits 36.1-
36.N, and transmit antennas 37.1-37.N,. The receiver 40
includes a channel decoder 41, a tone-level deinterleaver 43,
multicarrier demodulators 45.1-45.N,, analog/RF circuits
46.1-46.N, and receive antennas 47.1-47 N,,.

In this embodiment, the channel encoder 31 is a CC
encoder, and, accordingly, the channel decoder 41 is a Viterbi
decoder. The constellation mapper 32 is a QAM mapper, and
accordingly, its output, the constellation symbol, is a QAM
symbol. The multicarrier modulator 35.p is an IFFT/GI
modulator which first inserts GI and then implements IFFT,
and, accordingly, the multicarrier demodulator 45.¢ is a FFT/
Gl demodulator which first implements FFT and then
removes GI. The analog/RF circuit 36.p may include a digi-
tal-to-analog converter, an analog RF filter, an amplifier, and
so on, and, accordingly, the analog/RF circuit 46.¢ may
include an amplifier, an analog RF filter, an analog-to-digital
converter, and so on.

The MIMO OFDM system 3 employs multiple transmit
and receive antennas for data transmission. An MIMO chan-
nel is formed among these transmit and receive antennas. It is
assumed that the MIMO channel in each tone is quasi-static
Rayleigh fading, and there are no inter-symbol interference
(IS]) and inter-carrier interference (ICI). Thus, the model for
the MIMO OFDM system 3 can be represented as

PR=FF.F

where r L, rql L Iy, "#|7 represents the received
vector signal at the k™ tone and the 1 OFDM symbol after
FFT, where q represents the index of the receive antenna and
Gell.2.3,... Ny):

Zk—[sl‘ k L , sz kL, s, "*]" represents the transmitted vec-
tor signal at the k™ tone and the 1 OFDM symbal before

IFFT, where p represents the index of the transmit antenna

Eq.(1)
Zk,[

andpe{l,2,3,...,N;};
(K1 K By,
k k
H=| M K, M
Bogr L My

represents the frequency response of the MIMO channel at
thek” tone, where theelement {h_ l represents the coupling
between the p” transmit antenna andthe q” receive antenna;
and

n*=[n/* L, n, ML Ly 4|7 represents the received vector
noise, and each element {n "1 is an independent and identi-
cally distributed (i.1.d.) complex Gaussian random variable
with zero mean and variance c°=N,,.

At the transmitter 30, information bits are first convolu-
tionally encoded by the CC encoder 31, and, then, the result-
ant coded bits are converted into QAM symbols by the QAM
mapper 32. The QAM symbols are interleaved by the tone-
level interleaver 33. The parser 34 will parse the transmitted
vector signal s™* to each correspondino transmit antenna 374.
For example, the parsed signal {s,, 4 called the p™ transmit-
ted signal of the transmitted vector signal s** before IFFT, is
sequentially coped with the corresponding IFFT/GI modula-
tor 35.p, the corresponding analog/RF circuit 36.p and the
corresponding transmit antenna 37.p.

One special feature of the MIMO transmitter for TICM is
that the channel encoder (e.g. the CC encoder 31) and the
constellation mapper (e.g. the QAM mapper 32) can be inde-
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pendently designated without considering the optimum of
them. Accordingly, the optimum of the MIMO transmitter for
TICM is less than that of the STTC (space time trellis code)
transmitter, because at the STTC transmitter, the channel
encoder and the constellation mapper are dependently opti-
mally designated. However, the design of the STTC transmit-
ter 1s more and more difficult, particularly when the number
of the transmit antennas is large and when the size of the
QAM mapper is large.

The main difference between BICM and TICM lies in the
level of interleaving. The bit-level interleaver (e.g. interleaver
14.p as shown in FIG. 1) uses a bit as its basic unit, while the
tone-level interleaver (e.g. interleaver 33 as shown in FIG. 3)
uses a block of N symbols as its basic unit. The i block (or
called symbol block), s'=[s//, s5/, L, s,/]", consists of N,
modulated symbols, mapped from NNz, coded bits,
where Ny, represents the number of bits transmitted per
sub-channel at a time instant. The index j starts from “1” to
“LyK”, where L represents the number of OFDM symbols
per transmit antenna, and K represents the number of OFDM
sub-channels. Thus, there are total LK blocks at each trans-
mission package.

For example, it is assumed that the CC encoder 31 with
R, _Y2and K3 is used, where R, represents the code rate
and K. represents the constraint length. It is also assumed
that 16-QAM mapper 32 and four transmit antennas 37.1-
37.4 are used (i.e. the size of the QAM mapper 32 is 16, and
N7 4). Encoding process of the CC encoder 31 can be
explained in the trellis diagram as shown in FIG. 4A. Refer-
ring to FIG. 4A, there are 25¢“~'=4 possible states. Each state
has two incoming and two outgoing branches. A transition
from one state to another in response to input (i.e. information
bit) “0” is represented by a solid line and in response to input
“1” is represented by a dashed line. The binary number
labelled on each branch represents the output (i.e. coded bits)
of the CC encoder 31 as it moves from one state to another
according to the binary input value. Since a block of four
QAM symbols are mapped from sixteen coded bits, one stage
is defined in the trellis diagram as eight continuous time
instants in the trellis diagram. Each stage is also a basic unitin
the decoding process at the receiver 40, which is similar to a
radix-2® Viterbi structure.

To explain further, FIG. 4A can be re-drawn as that in FIG.
4B if each two consecutive time instants are merged into one.
Referring to FIG. 4B, the decimal number, transformed from
the binary number, labelled on each branch, represents the
output (i.e. coded bits) of the CC encoder 31 as it moves from
one state to another. If the coded bits are assumed to be {11
10, 11 00, 11 01,01 11 } according to FIG. 4A, accordingly,
they can be represented as {14, 12, 13, 7} according to FIG.
4B. Now, each time instant in the trellis outputs four coded
bits (e.g. “1110” or 14) and the four coded bits are mapped to
a 16-QAM symbol (e.g. s;/). Thus, for four transmit antennas,
§'=[s/.s;,s5,s/|" represents a block of four QAM symbols
associated with the outputs of the CC encoder 31 at the j**
stage through the trellis diagram.

At the receiver 20 for BICM, soft-bit values are first com-
puted by the soft-bit demapper 25.¢, and these values are then
used in the soft-bit Viterbi decoder 21 to calculate the branch
metrics (BMs). However, at the receiver 40 for TICM, the
BMs can be directly computed without involving the soft-bit
demapper.

Referring again to FIG. 3, at the receiver 40, the received
vector signal r** is deinterleaved by the tone-level deinter-
leaver 43, and the resultant deinterleaved block 1 is passed to
the soft-bit Viterbi decoder 41. Referring to FIG. 5, the Viterbi
decoder 41 includes three major units: a branch metrics cal-

20

25

40

45

60

65

6

culation unit 51, an add-compare-select (ACS) unit 52 and a
survivor path decoding unit 53. The BMs are calculated by the
branch metrics calculation unit 51 according to the deinter-
leaved block ¥ and the estimated MIMO channel through the
trellis diagram as shown in FIG. 4B. As mentioned, the whole
trellis as shown in FIG. 4B corresponds to one stage. The BMs
outputted from the branch metrics calculation unit 51 are fed
into the ACS unit 52 to select the state with the greatest state
metric. The state metric indicates the greatest accumulated
BMs among all legal paths. Finally, the survived path is traced
back and decoded by the survivor path decoding unit 53.
Since the conditional probability density function (p.d.f) of
the deinterleaved block ¥ obeys complex Gaussian distribu-
tion, the output symbols corresponding to the maximum like-
lihood path through the trellis diagram can be defined as

LgK Eq. (2)

B ) ) 2
QMEPath = aromax Z (—l)" — HY @b )
irel, j cyptrel.j =

where F=[r/, L, rNRj]T represents the deinterleaved block;

H represents the frequency response of the MIMO channel
after deinterleaving;

=, ", L, ¢y, "“']" represents the output symbols
corresponding to the hypothesized legal path at the j” stage in
the trellis diagram, and

W=, " L, ") presents the subset of the out-

put symbols corresponding to all legal paths at the | stage in
the trellis diagram.
Let N, =N Noo R be the number of information bits
per stage. Thus, finding the maximum likelihood path needs
to examine 25°~1-(2VB)sE paths through the trellis dia-
gram, where 25¢¢~! represents the number of beginning states
in the trellis diagram.

Here the Viterbi algorithm can be used to reduce complex-
ity. Note that the total trellis stages are LK. The BM of the
block ¢/at the j*” stage outputted from the branch metrics
calculation unit 51 for TICM is defined as

A== ¥ @t 2 Eq. (3)

Then, the i” state metric (or called path metric) at the j*
stage for TICM is defined as

M(j), whereie {1, 2, ..., 2Kcc-1} Eq. (4)

The state metric indicates the greatest accumulated BMs
among all legal paths from the first stage to the j* stage
merging to the i* state. Thus, the recursive equation for state
metric is

M,-(j+1)=maIX{M‘/(j)+/\‘-/J-(sj)} Eq. (5)
i's

where A, (¢') represents the BM over the transition branch
form the i state to the i”” state at the j”* stage, and I represents
the subset of all states having permissible transition from the
previous stage to the i” state at the i stage.

To compute the state metric, the ACS unit 52 will perform
the add-compare-select (ACS) operation. The detailed opera-
tion is explained below.

(7) Add: Add new BM to the previous state metric for each
path merging to the state.

(b) Compare: Compare the total metric of different paths
merging to the state.
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(c) Select: Select the path with the greatest metric merging to
the state and record both the updated state metric and the
survived path.

After M/(LK+1) is evaluated at the (Ly-K)™ stage, the state
with the greatest state metric is then selected. Then, the sur-
vived path is traced back, from the last stage to the first stage,
by the survivor path decoding unit 53. Each detected branch
at the j* stage will then output N, ... information bits. This
procedure is called chaining (trace) back. After chaining
back, the decoding process is completed.

Observing equation (3), there are 2%cc=1.2%r Jegal paths
through the trellis diagram at the j* stage. In other words, the
complexity for evaluating the BM, A(s'), grows exponentially
with K »+N 5 5¢. Obviously, direct implementation of equa-
tion (3) may not be feasible. Note that 25°~! corresponds to
the number of beginning states at the i stage, and 2"
corresponds to the number of all legal paths starting from
each beginning state. In the following subsections, subopti-
mal approaches will be proposed to reduce the computational
complexity. The first one (Subsection II) is to reduce the
number of the beginning states, and the second one (Subsec-
tion 1) is to reduce the number of legal paths being searched.
11. Suboptimal Receiver with State Reduction

FIG. 6 is a block diagram illustrating an alternative Viterbi
decoder at the MIMO OFDM receiver for TICM. Referring to
FIG. 6, the alternative Viterbi decoder 41' includes a sub-
optimal branch metrics calculation unit 61, the add-compare-
select unit 52 and the survivor path decoding unit 53.

Since the BM at each stage for TICM corresponds to a
block of N, symbols, information embedded in the BM is
higher than that in BICM (only one bit). Thus, the state
metrics in TICM provide more reliable information than that
in BICM. The subset of beginning states with the greatest
Cy,,; State metrics is defined as I, where 1=C,,,, =251,
With predictable performance degradation, only the paths
beginning from I, with higher likelihood can be consid-
ered, and the others with lower likelihood can be eliminated.
The i state belonging to I, is defined as i, and the BM
of ¢, starting from the i,,,” state and merging to the i state
at the j” stage, is defined as A,_ ,(¢/). Then, the recursive
equation in equation (5) can be modified as

M+ D)= max (Mg, ()+Aig its) Eg. (6)

isvi€lsmy

This suboptimal decoding method is almost the same with
the receiver above-mentioned in Subsection 1. However, the
complexity of the BM evaluation is reduced to a factor of
Cp 256,

The receiver above-mentioned in Subsection I is now used
as an illustration example. Let Cg,,=2. At the j* decoding
stage, suppose that the first and third state have the greatest
two state metrics. Then, it is only necessary to evaluate A, ;
(¢)and A; (¢'), whereie {1,2,3,4}. Finally, the ACS module
will determine the survived branch. Note that Cg,,, deter-
mines how well equation (6) can approximate equation (5).
So, there is a trade off between the computational complexity
and performance degradation.

1I. Suboptimal Receiver with LSD

FIG. 7 is a block diagram illustrating another alternative
Viterbi decoder at the MIMO OFDM receiver for TICM.
Referring to FIG. 7, the alternative Viterbi decoder 41"
includes an LSD unit 71, the sub-optimal branch metrics
calculation unit 61, the add-compare-select unit 52 and the
survivor path decoding unit 53.
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Even reducing the number of the beginning states, there are
still 27V27s Jegal paths for each beginning state. The computa-
tional complexity for evaluating A, .,(¢) still grows expo-
nentially with 2725, Observe equatlon (3), the BM calcula-
tion problem is an ML problem. Thus, the use of the LSD
detector can be extended to reduce the computational com-
plexity of the BM calculation. With a tree structure formula-
tion, the symbols corresponding to the hypothesized legal
paths can be excluded making [¥-H-®"*%|? large. In this
way, for the legal paths can be searched for that maximize the
term in equation (6). With a suitable number of candidate
paths, maximization of equation (6) can be well approxi-
mated. The subset of the symbol sequences corresponding to
the candidate paths is defined as candidate path list, &,
Note that the legal paths in the LSD unit 71 here (25%) is
much smaller than those in BICM (2™7#55¢) Thys is due to the
trellis structure here. So, the BM of ¢ that begins from the
i, ™ state at the ” stage within ©,,.,” can be represented as

Mg (&)= F-EP- D"V Eq. (7)

where q)trelJ € lptrelj ﬁQhSttreZ’ and q)treZJ [q)ltrelg" L,
O t"’”J]T represents the output symbols corresponding to the
hypothesrzed legal path startlng from the ig,,,” state; and

b=y e L, ), t’9“] represents the subset of the
output symbols correspondmg to all legal paths starting from
the i, " state.

Then, equation (6) can be modified as

(i = el Eq. (8
M’(’”)‘fSMriE’s‘M,{M'W'(” Ay} g (8)

where A, (s represents the BM over the transition
branch from the i, state to the i state. Thus, to evaluate

A £(¢/), the number of the LSD detectors in the LSD unit
71 needed is Cg,,;. The computational complexity can be
greatly reduced with these suboptimal approaches. Referring
to the article “Achieving Near-Capacity on a Multiple-An-
tenna Channel” proposed by B. M. Hochwald and S. ten
Brink, the LSD unit 71 only check those points that lie inside
a sphere with the given radius r; o1, which is large enough to
enclose the term maximizing equation (6) and represented as

Nr

Z (Mll)

i=1

2 Eq 9

72l
‘)9’\/7-+1 i =Ygt Z SPNTH i VNT+1—i) =

J= x+1

2
Trsp

where y'=[y,, L, yN] represents the equalized vector sig-
nal of ¥'; and

uwy Ko owny

U=|M i j M

0 L MNTvNT

being obtained by using the Cholesky factorization such that
U7 U=H"H, represents an upper triangular matrix with v, ,
real and positive.

Each term in the summation over i in equation (9) is non-
negative, and the LSD method will build a tree structure. With
bounds on ¢, L, ¢, ", the LSD method can eliminate
unlikely paths step by step using equation (9).

The dimension of LSD is defined as N since there are N
elements inside each candidate hypothesis. Then, the decod-
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ing process of the LSD unit 71, starting from the i.,,” state

(at the j stage), can be summarized as follows.

(a) Start the process from i =N and eliminate the rest of the
terms, i=1, . . ., N;~1, in the summation over i in equation
(9). Then, equation (9) can be modified as

UNTNTZ"%"EI—)’NZgrLSDz Eq. (10)

trel

The LSD will choose all possible values for ¢, satisfying
equation (10) from 104 7%, where,”*'is determined by all
branches leaving from the i, ,” state.

(b) If there is no possible value for ¢, %, go back to (a), and
enlarge the radius of the sphere, or choose one of the
possible values for ¢,”* and take i=N,~1 into consider-
ation. Then, equation (9) can be modified as

2 irel 2 Eq (11)
U . - + A
g let =il
2
UNp-1N
2 trel T~V T trel 2
UnpoiNp-1 " [P2 — Y2k ———— (" =) <rpp =
UNp-1Np-1
2
UNp—LN
trel T—UVT trel
03" =yt ——— (" =) =
UNp-1Np-1

2 2 trel 2
risp = Uy npcler =il

2
Up-1,Np-1

The LSD will choose all possible values for ¢, satisfying
equation (11) from y,”, where y,”* is determined by the
state that ¢, " is going to enter.

(¢) If there is no possible value for ¢, go back to (b) and
choose another possible value for ¢,”*'. A new subset ofall

w

<

o

10

where ', (t) represents the received signal at time t at the q”
transmit antenna 47.¢q.

An IEEE 802.11n proposal released by TGn Sync in July
2005 was used as the system. Note that BICM is used in the
proposal. A 4x4 MIMO OFDM system with 64-QAM trans-
mission is considered. The channel-B (non-line-of-sight)
with distance 6m was chosen as the simulation environment.
1t is also assumed that the frequency offset and timing offset
are perfectly compensated at the receiver. The preamble for
TICM is assumed to be the same for BICM. The typical
per-tone channel estimation scheme (no smoothing) is used to
estimate the MIMO channels. As the standard testing, PPDU
length is set as 1000 bytes, so there are 8000 information bits
per package. The radius of the sphere is defined as

2 2
trsp =CrapNypa™

The performance of the system with BICM (81-83) is
compared with TICM (84-86). For BICM, two receivers are
considered; one with a MMSE equalizer and a 1-D soft-bit
demapper (BICM-EQL 81), the other with an LSD detector
and a vector demapper (BICM-LSD 82-83). Observing FIG.
8, BICM-EQL 81 performs far worse than BICM-LSD 82-83
and TICM-LSD 84-86. Also, there is about 3dB improvement
for TICM-LSD 84-86 compared with BICM-L.SD 82-83.

In addition, the computational complexity of the systems
with BICM is compared with TICM according to the number
of required nwltiplications for the LSD detector. TABLE 1
shows the average number of required multiplications for
four systems —BICM with complex-valued LSD for
C,sp=16, BICM with real-valued LSD for C, ,=16, TICM
with complex-valued LSD for C,;,=32 and Cg,,~4, and
TICM with complex-valued LSD for C; ;,=32 and Cg,,~8 at
each stage.

TABLE 1
TICM with TICM with
BICM with complex-valued  complex-valued
complex-valued BICM with LSD for LSD for
LSD for real-valued LSD  Cgp=32and Crsp =32 and
Crsp=16 forCpsp=16 Coan=4 Coar=8
SNR =27 (dB) 1.80E+05 4.71E+04 2.44E+03 4.79E+03
SNR =30 (dB) 545E+04 1.08E+04 1.19E+03 2.30E+03
SNR = 33 (dB) 1.67E+04 3.08E+03 0.68E+03 1.28E+03

trel

possible values for ¢,”* from ,” will be found, or

choose one of the possible values for ¢,”* and take i=N,~2

into consideration.

(d) Keep the same process running until LSD reaches ¢ NT"‘ZZ .
Then, a complete hypothesized transmitted vector signal
W=, 7, L, 4y, 7*]" will be added into the candidate
path list. The same process will be repeated until all can-
didate hypotheses inside the sphere are added into the
candidate path list.

Similar LSD from all other states belonging to I, needed to

be performed at the j* stage until all A, () are evaluated.

So, equation (7) can be operated at the 3™ stage.

FIG. 8is asimulation diagram illustrating the performance
comparison of the MIMO OFDM receiver for BICM with a
MMSE equalizer, the MIMO OFDM receivers for BICM
with an LSD detector and a vector demapper, and the MIMO
OFDM receivers for TICM as shown in FIG. 7. The package
error rate (PER) is used as the performance measure. The
signal to noise ratio (SNR) is defined as the average received
power per receiver antenna divided by the average noise
power.

Eq. (12)

VR = E{r;z(l)}
T

o

<

o

<

<n

Referring to TABLE 1 and FIG. 8, the average number of
multiplications for BICM with real-valued LSD is lesser than
that with complex-valued LSD. Note that the sphere of the
LSD detector in TICM needs to be larger than that in BICM.
So, let C, g, for TICM be twice of C, o, for BICM. Also, it can
be seen that the average number of multiplication for TICM
with Cg,,~8 ranges from 0.25 and 0.1 of'that for BICM with
real-valued LSD for PER=0.1 to PER=0.001.

In summary, the MIMO OFDM system for TICM uses a
block of N, symbols as its basic unit for interleaving. This
results in different decoding architectures at the receiver. The
main advantage of TICM is to merge soft-bit demapping into
the Viterbi algorithm. Taking advantage of the trellis structure
inherent in the Viterbi algorithm, TICM can have lower com-
putational complexity and potentially better performance
than BICM with the LSD detector and the vector demapper.
To further reduce the complexity of TICM, the LSD algo-
rithm is simplified and its use is extended in the decoding
process. Although the tone-level interleaving may not have
spatial diversity gain, the performance is not affected in
802.11n environments.

It will be apparent to those skilled in the art that various
modifications and variations can be made to the structure of
the present invention without departing from the scope or
spirit of the invention. In view of the foregoing, it is intended
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that the present invention cover modifications and variations
of this invention provided they fall within the scope of the
following claims and their equivalents.

We claim:

1. A Multiple Input Multiple Output (MIMO) Orthogonal
Frequency Division Multiplexing (OFDM) system employ-
ing N, transmit antennas and N receive antennas for data
transmission wherein N, and N are each an integer greater
than 1, the MIMO OFDM system comprising a MIMO
OFDM receiver comprising;

multicarrier demodulators for demodulating received sig-
nals passed through a MIMO channel formed by the
transmit and receive antennas, wherein the received sig-
nals are interleaved by using a symbol block of Nr con-
stellation symbols as its basic unit;

a tone-level deinterleaver for deinterleaving the received
signals after demodulation and for outputting deinter-
leaved symbol blocks; and

a channel decoder for decoding the deinterleaved symbol
blocks, wherein the channel decoderis a Viterbi decoder,
wherein the Viterbi decoder comprises:

a List Sphere Decoding (LSD) unit for using an LSD algo-
rithm to obtain a candidate path list including candidate
paths;

a suboptimal branch metrics calculation unit for calculat-
ing branch metrics belonging to paths beginning from
the subset of beginning states with the greatest state
metrics within the candidate path list according to the
deinterleaved symbol blocks and the estimated MIMO
channel,

an add-compare-select (ACS) unit for performing an ACS
operation according to the branch metrics; and

a survivor path decoding unit for decoding a survived path
with maximum likelihood provided by the ACS opera-
tion.

2. The MIMO OFDM system according to claim 1 further

comprising

a transmitter comprising;

a channel encoder for receiving information bits and
outputting coded bits;

aconstellation mapper for converting the coded bits into
constellation symbols according to constellation
mappings;

a tone-level interleaver for receiving the constellation
symbols and using a symbol block of N constellation
symbols as its basic unit for interleaving;

a parser for parsing interleaved symbol blocks and out-
putting parsed signals to each corresponding transmit
antenna; and

multicarrier modulators for modulating the parsed sig-
nals before the parsed signals are transmitted through
the corresponding transmit antennas.

12

3. The MIMO OFDM system according to claim 2,
wherein the channel encoder is a conventional code (CC)
encoder.

4. A Multiple Input Multiple OQutput (MIMO) Orthogonal

5 Frequency Division Multiplexing (OFDM) system employ-
ing N transmit antennas and N receive antennas for data
transmission wherein N and N are each an integer greater
than 1, the MIMO OFDM system comprising a MIMO
OFDM receiver comprising:

multicarrier demodulators for demodulating received sig-
nals passed through a MIMO channel formed by the
transmit and receive antennas, wherein the received sig-
nals are interleaved by using a symbol block of Nr con-
stellation symbols as its basic unit;

a tone-level deinterleaver for deinterleaving the received
signals after demodulation and for outputting deinter-
leaved symbol blocks; and

a channel decoder for decoding the deinterleaved symbol
blocks, wherein the channel decoder is a Viterbi decoder,
wherein the Viterbi decoder comprises:

an List Sphere Decoding (L.SD) unit for using an LSD
algorithm to obtain a candidate path list including can-
didate paths;

a branch metrics calculation unit for calculating branch
metrics belonging to paths within the candidate path list
according to the deinterleaved symbol blocks and the
estimated MIMO channel;

an add-compare-select (ACS) unit for performing an ACS
operation according to the branch metrics; and

a survivor path decoding unit for decoding a survived path
with maximum likelihood provided by the ACS opera-
tion.

5. The MIMO OFDM system according to claim 4 further

comprising a transmitter comprising:

a channel encoder for receiving information bits and out-
putting coded bits;

a constellation mapper for converting the coded bits into
constellation symbols according to constellation map-
pings;

atone-level interleaver forreceiving the constellation sym-
bols and using a symbol block of N, constellation sym-
bols as its basic unit for interleaving;

a parser for parsing interleaved symbol blocks and output-
ting parsed signals to each corresponding transmit
antenna; and

multicarrier modulators for modulating the parsed signals
before the parsed signals are transmitted through the
corresponding transmit antennas.

6. The MIMO OFDM system according to claim 5,

50 wherein the channel encoder is a conventional code (CC)
encoder.
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