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Abstract—Spatial modulation (SM) is a recently developed
transmission technique that uses multiple antennas. The basic idea
is to map a block of information bits to two information carrying
units: 1) a symbol that was chosen from a constellation diagram
and 2) a unique transmit antenna number that was chosen from
a set of transmit antennas. The use of the transmit antenna num-
ber as an information-bearing unit increases the overall spectral
efficiency by the base-two logarithm of the number of transmit
antennas. At the receiver, a maximum receive ratio combining
algorithm is used to retrieve the transmitted block of information
bits. Here, we apply SM to orthogonal frequency division multi-
plexing (OFDM) transmission. We develop an analytical approach
for symbol error ratio (SER) analysis of the SM algorithm in
independent identically distributed (i.i.d.) Rayleigh channels. The
analytical and simulation results closely match. The performance
and the receiver complexity of the SM-OFDM technique are
compared to those of the vertical Bell Labs layered space-time
(V-BLAST-OFDM) and Alamouti-OFDM algorithms. V-BLAST
uses minimum mean square error (MMSE) detection with ordered
successive interference cancellation. The combined effect of spatial
correlation, mutual antenna coupling, and Rician fading on both
coded and uncoded systems are presented. It is shown that, for the
same spectral efficiency, SM results in a reduction of around 90 %
in receiver complexity as compared to V-BLAST and nearly the
same receiver complexity as Alamouti. In addition, we show that
SM achieves better performance in all studied channel conditions,
as compared with other techniques. It is also shown to efficiently
work for any configuration of transmit and receive antennas, even
for the case of fewer receive antennas than transmit antennas.

Index Terms—Interchannel interference (ICI), multiple-input—
multiple-output (MIMOQO), orthogonal frequency division multi-
plexing (OFDM), receiver complexity, space-time coding (STC)
coded modulation, spatial modulation (SM), vertical Bell Labs
layered space-time (V-BLAST).
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I. INTRODUCTION

HE NEED for high data rate and high spectral effi-

ciency are the key elements that drive research in future
wireless communication systems [53]. Adaptive coding and
modulation, iterative (turbo) decoding algorithms, space—time
coding (STC), multiple antennas and multiple-input—multiple-
output (MIMO) systems, multicarrier modulation, and ultra
wideband radio are examples of enabling technologies for next-
generation wireless communication. Among the set of existing
technologies, MIMO orthogonal frequency division multiplex-
ing (MIMO-OFDM) with adaptive coding and modulation is
a promising candidate for future wireless systems. A MIMO
system boosts spectral efficiency by using multiple antennas
to simultaneously transmit data to the receiver [1]-[4]. OFDM
converts a frequency-selective channel into a parallel collection
of frequency flat-fading subchannels, in which the available
bandwidth is very efficiently used [5]. The OFDM technique
has been adopted in several wireless standards such as digital
audio and video broadcasting, the IEEE 802.11a standard [6],
the IEEE 802.16a metropolitan area network standard, and the
local area network standard [7].

There are three main categories of MIMO techniques. The
first category improves power efficiency by maximizing spatial
diversity, e.g., using delay diversity [8], [9]. In such systems
(e.g., STC), the capacity improvement results from diversity
gain, which reduces the bit error probability for the same spec-
tral efficiency. However, the maximum spectral efficiency of
full-diversity STC systems is one symbol per symbol duration
for any number of transmit antennas [9]. These systems can
be designed to achieve full diversity gain with very low re-
ceiver complexity. In addition, STCs are well known to combat
channel imperfections that exist in real-time implementations
of MIMO systems [10], [11]. The second category of MIMO
techniques exploits knowledge of the channel at the transmitter.
It decomposes the channel matrix by using singular value de-
composition and uses the resulting unitary matrices as prefilters
and postfilters at the transmitter and receiver, respectively, to
achieve capacity gain [12], [13]. In this paper, channel in-
formation is assumed to be known only at the receiver, with
no channel information at the transmitter. Therefore, these
techniques are not implemented here, but possible scenarios
will briefly be discussed in future works.

The third type of MIMO technique uses a layered space—time
approach to transmit multiple independent data streams over
the antennas to increase capacity. A well-known technique
is the Bell Labs layered space—time (BLAST) architecture
[3]. The BLAST scheme demultiplexes a user data stream
into a number of substreams that are equal to the number of
transmission antennas. Two types of BLAST realizations have
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widely been discussed: 1) diagonal BLAST (D-BLAST) [3] and
2) vertical BLAST (V-BLAST) [14].

The D-BLAST architecture is considered the reference in
performance for MIMO systems, since it can reach capacities
near the Shannon limit [15]. The D-BLAST system has a
diagonal layered STC architecture with sequential nulling and
interference cancellation decoding. However, it suffers from
boundary wastage at the start and at the end of each packet, and
its complexity is very high to be practical [16]. The V-BLAST
architecture is a simplified version of D-BLAST, which tries
to overcome its limitations. However, in doing so, the trans-
mit diversity is lost. It has been demonstrated that, with the
V-BLAST algorithm, spectral efficiencies of 20-40 b/s/Hz can
be achieved in an indoor rich scattering propagation environ-
ment, assuming a practical signal-to-noise ratio (SNR) range
and bit error performance, respectively [14].

Several problems are encountered in the development of mul-
tiple antenna transmission schemes [17]-[20]. These problems
arise from several sources, among which are the following.

1) BLAST transmission systems suffer from high inter-
channel interference (ICI) at the receiver due to simulta-
neous transmissions on the same frequency from multiple
antennas.

2) The high ICI requires a complex receiver algorithm,
which increases the overall system complexity.

3) System performance is traded off with receiver complex-
ity. In addition, although BLAST systems achieve a rela-
tively good performance in ideal channel conditions, their
performance severely degrades under nonideal channel
conditions [17], [18].

4) With full-diversity STCs, these limitations are overcome.
In addition, due to their orthogonal design, they can
easily be decoded at the receiver side. STCs are also
robust in the presence of channel imperfections [10],
[11]. However, the maximum spectral efficiency of full-
diversity STC systems is one symbol per symbol duration
for any number of transmit antennas. In other words, for
full-diversity STCs to achieve spectral efficiency that is
similar to that of BLAST techniques, they need to use
higher modulation orders.

5) For efficient operation of BLAST techniques, the number
of transmit antennas must be less than or equal to the
number of receive antennas [16]. In STCs, the situation is
different. Generally, STCs can be designed for different
numbers of transmit and receive antennas and can effi-
ciently work, even if the number of receive antennas is
less than the number of transmit antennas. However, an
orthogonal design of full-rate-code STC is only known
for the case of two transmit antennas, and there is no
known solution for a higher number of transmit antennas.
Therefore, the design of STCs for more than two transmit
antennas must sacrifice a portion of the data rate to
achieve full orthogonality and, hence, full diversity.

One approach for dealing with these issues is to use spatial
modulation (SM) [21]-[23]. In this case, only one transmit
antenna is active at any instant. The active transmit antenna
number is an added source of information that is exploited
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by SM to boost the spectral efficiency. That is why SM is
different from other MIMO techniques such as space—time bit-
interleaved coded modulation [24], in which the antenna pattern
is recognized as a spatial constellation but is not used as a
source of information.

In SM, a block of any number of information bits is mapped
into a constellation point in the signal domain and a constella-
tion point in the spatial domain. At each time instant, only one
transmit antenna of the set will be active. The other antennas
will transmit zero power. Therefore, ICI at the receiver and
the need to synchronize the transmit antennas are completely
avoided. At the receiver, maximum receive ratio combining
(MRRC) is used to estimate the transmit antenna number, after
which the transmitted symbol is estimated. These two estimates
are used by the spatial demodulator to retrieve the block of
information bits.

In this paper, a closed-form analytical symbol error ratio
(SER) of SM in independent identically distributed (i.i.d.)
Rayleigh channels is derived. Analytical and simulation results
closely match over a wide range of SNR values. The assump-
tion of i.i.d. channel conditions is idealized, and we chose it to
simplify the analytical calculations; it is not a practical model
for MIMO-OFDM systems. However, further investigation in
this paper includes nonidealistic channel conditions, in which
the BER is simulated for SM—OFDM, V-BLAST-OFDM [25],
and Alamouti-OFDM [26]. We also compare receiver com-
plexity for these systems. The combined effect of nonidealistic
channel conditions, including spatial correlation (SC), mutual
antenna coupling (MC), and Rician fading, on both coded and
uncoded systems is discussed.

The rest of this paper is organized as follows. Section II
presents the SM idea and its application to OFDM transmis-
sion. Analytical calculation of SER for SM is, then, shown in
Section III, as well as a comparison between the analytical and
the simulation results. The channel model and the modeling of
Rician fading, SC, and MC channel imperfections are discussed
in Section IV. Simulation results and the receiver complexity
comparison follow in Sections V and VI, respectively. Finally,
Section VII concludes this paper.

II. SM-OFDM SYSTEM MODEL

The following notations are used throughout this paper.
Bold and lowercase letters denote vectors, whereas bold and
capital letters denote matrices. The notations (-)*, (-)f, and
()T denote the pseudoinverse, Hermitian, and transpose of a
vector or matrix, respectively, and (~)’1 denotes the inverse of
a matrix.

The SM-OFDM system model is shown in Fig. 1.

Q(k) is an m X n binary matrix that will be transmitted
in one OFDM symbol, where m is the total number of bits
per symbol per subchannel, and n is the total number of
OFDM subchannels. The SM maps this matrix into another
matrix X (k) of size Ny x n, where N, is the total number of
transmit antennas, by using the SM mapping table shown in
Fig. 1. This table maps each column in Q(k) into a binary
phase-shift keying (BPSK) constellation point and a single
transmit antenna number from a set of four antennas. BPSK
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SM - mapping table
Input { Antenna:Transmit
Bits | number | symbol
000 1 -1 0
1 001 1 +1 0
1 . 010 2 -1
-» 0
1 100 3 -1 ry
101 3 +1
110 4 -1
111 4 +1
OFDM 1
Modulator
OFDM
Spatial Modulator H(Z’,l‘)
Modulation OFDM T
—
0(k) X (k) Modulator |
oFom | ")
Modulator
S(1)
Fig. 1. SM-OFDM system model.

and four transmit antennas are considered as an example here.
In general, any number of transmit antennas and any digital
modulation scheme can be used. The constellation diagram and
the number of transmit antennas determine the total number
of bits to be transmitted on each subchannel at each instant.
The combination of BPSK and four transmit antennas in this
illustration results in a total of three information bits to be trans-
mitted on each subchannel. Instead, four quadrature-amplitude
modulation (QAM) and two transmit antennas can be used to
transmit the same number of information bits, as shown in
Table I. The number of bits that can be transmitted on each
OFDM subchannel for a system that uses a QAM constellation
diagram of size M (m = logy(M)) and N, transmit antennas
is [22]

m = logy(Ny) + m. (D
This shows that the constellation diagram and the number of
transmit antennas can be traded off for any number of trans-
mitted information bits. In addition, SM increases the spectral
efficiency by the base-two logarithm of the total number of
transmit antennas. This can be viewed as a disadvantage for
a large number of transmit antennas as compared to, for exam-
ple, V-BLAST. Note that, in V-BLAST, the spectral efficiency
linearly increases with the number of transmit antennas. For
example, consider a MIMO system with eight transmit and
receive antennas. If V-BLAST is used with 16 QAM, a spectral
efficiency of 32 b/s/Hz can be achieved. However, if SM is
used with the same configuration and modulation order, the
spectral efficiency is only 7 b/s/Hz. In order for SM to achieve
the spectral efficiency of V-BLAST with 16 QAM, it requires
228 transmit antennas, which is not feasible. This means that
SM cannot compete with V-BLAST when a large number of
antennas and high modulation orders are involved. However, it
is generally accepted that a large number of transmit antennas
is impractical with current technology, particularly when con-
sidering the cost that comes from adding antennas for an end-
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TABLE I
SM MAPPING TABLE: 3 b/SYMBOL/SUBCHANNEL
N=2, M=4 N=4, M=2
Input Antenna Transmit Antenna Transmit
bits number symbol number symbol
000 1 +1+4j 1 -1
001 1 -1+ 1 +1
010 1 -1 2 -1
011 1 +1-j 2 +1
100 2 +14j 3 -1
101 2 -1+ 3 +1
110 2 -1+ 4 -1
111 2 +1-j 4 +1

user system. For instance, two competing approaches have been
proposed for the MIMO-oriented version of the IEEE 802.11n
standard: 1) one with a 2 x 2 MIMO matrix and 2) another
with a 4 x 4 matrix. The current 802.11n draft provides for up
to four transmit antennas, even though compliant hardware is
not required to support that many antennas [27].

With SM mapping, the matrix X (k) has one nonzero element
in each column at the position of the mapped transmit antenna
number. All other elements in that column are set to zero. For
instance, in Fig. 1, an input bit sequence of [0 1 1] [highlighted
column vector in Q(k)] is mapped to the BPSK symbol +1 and
the second transmit antenna by using the SM mapping table.
This means that only the second antenna transmits this symbol
on the first OFDM subchannel, whereas all other antennas
transmit zero power. As a result, the first column vector in X (k)
is [0+ 1 0 0]. The second bit sequence is [1 1 1] and is
mapped to [0 0 0+ 1]7, and so on. The resulting symbols in
each row vector x,; (k) are the data that will be transmitted on all
subchannels and from antenna «. Then, each row vector x, (k)
is modulated using an OFDM modulator.
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The resulting output vectors at the OFDM modulator are
simultaneously transmitted from the [V, transmit antennas over
the MIMO channel H(7,t). At the receiver, the rows of the
received matrix Y (¢) = H(7,t) ® S(¢t) + R(t), where S(t) is
a matrix that contains all OFDM symbols that are transmitted
from all transmit antennas, R.(¢) is the additive white Gaussian
noise (AWGN) matrix, and ® denotes time convolution, are
demodulated using N, OFDM demodulators. In the following,
discrete time representation is considered. The output from the
OFDM demodulators is a matrix Y (k) of size N, x n, each
column of which corresponds to the received data in the n
OFDM subchannels from the NNV, receive antennas.

In the following, MRRC is used to detect the transmit
antenna number and the transmitted symbol in the frequency
domain for each OFDM subchannel. The following notations
are for a single OFDM subchannel, and the generalization to
multiple subchannels is straightforward by simply adding an
additional subscript. However, for reasons of clarity, this is left
out. The MRRC algorithm multiplies the Hermitian conjugate
of the frequency response channel matrix for each subchannel,
which is assumed to be known at the receiver, with the received
column vector at this particular subchannel, i.e.,

g(k) = H" (k)y(k) )

where H is the N, x N, discrete time-invariant frequency re-
sponse channel matrix, and y is the corresponding demodulated
OFDM vector of length N,.. In an ideal scenario, where there is
perfect time and frequency synchronization and no noise, g(k)
is the same as x(k), since by definition, x(k) contains only one
element that is different from zero. Therefore, in the presence
of AWGN, the estimated transmit antenna number / at time
instant k is the index or position of that element in g(k), whose
absolute value is maximum, i.e.,

o~

= argmax (|g:(k)])  i=1,...,Np. 3)
K3

Assuming that the estimate of the transmit antenna number is
correct, the transmitted symbol at this instant can be estimated
as follows:

E(k) = Q [g,_i(K)] €))

where g,_; is the element number 7 in the column vector g(k),
and (+) is the constellation quantization (slicing) function.

These two estimates are, then, used by the SM demodulator
to retrieve the transmitted information bits on this particular
subchannel by an inverse mapping process that uses the same
mapping table that was used at the transmitter.

III. ANALYTICAL SER CALCULATION OF SM

Computation of the analytical performance of SM is not
straightforward. There are two estimation processes that are
involved: 1) The transmit antenna number is estimated, and
2) the transmitted symbol is estimated. The two processes are
assumed to be independent in the calculation. However, this
is not generally correct. For instance, if the channel paths are
correlated, the two estimation processes will be dependent, and
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the following derived equation is the upper bound on the true
performance in such channel conditions. The bits are correctly
recovered only if both estimates are correct. To compute the
overall probability of error P,, let P, denote the probability
that the estimate of the antenna number is incorrect, and let
P, be the probability that the transmitted symbol estimate is
incorrect. Then, the retrieved SM bits are correct if and only if
the estimates of the antenna number and the transmitted symbol
are both correct. The probability of that is

P.=(1-=P,)(1—Py). (5)

The probability that the demapped bits are incorrect is, then,
1 — P, and can be written as

P.=P,+ P;— P;P,. (6)

If there is only one transmit antenna, then P, is zero, and
the overall probability of error is reduced to the case of MRRC
with multiple receive antennas, which is an upper bound for SM
performance. However, the use of multiple transmit antennas in
SM results in an increase in the overall probability of error. This
increase in P, is evident by noting that 1 > (P, and P;) > 0.
Hence, SM increases the SER by P, — P; P, > 0 as compared
to MRRC.

In Sections III-A-C, the SER of each estimation process is
considered separately.

A. Analytical SER of the Transmitted Symbol Estimation
Process

As discussed in Section III, the estimation of the transmitted
symbol for any M-QAM is a 1 x N, MRRC detection, since
only the corresponding element in the resulting vector is con-
sidered for the estimation process. The average SER of a square
M-QAM over generalized fading channels is [28]

A LY [T (ean
o= (=) [ Tl (S35G55 3 o
N,

-2(1- 1)2/7‘I [[Ma (25555 ) a0 )
T VM 0 oy sin?(¢)

where

3
9QAM = m7

N -1
—gQAM _ goamyl
My | - =\1+="=% =~
l (s1n2<¢) W) ( sin?(¢) )
is the moment-generating function for Rayleigh flat-fading
channels, and 7; is the average SNR at each receive antenna.

B. Analytical Error Calculation of the Transmit Antenna
Number Estimation Process

In the following, the computation of P, is considered. For
simplicity, only four transmit antennas are considered for the
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derivation, and the result is later generalized to any number of
transmit antennas.

The antenna number estimate is the position of the maximum
absolute value of all elements in the vector that results from
MRRC. This corresponds to finding the element with the great-
est magnitude in the spatial domain among a set of /V; elements.

At a specific time instant and for a 4 X 4 transmission
scenario, let H = [hy, hy, hj, hy] be the channel matrix, and let
h; = [h1y, hai, hsi, ha;]T be the corresponding channel vector
from each transmit antenna to all receive antennas. To illustrate,
assume that a sequence of data bits is mapped to symbol s, from
a square QAM constellation and to the second transmit antenna.
Then, the received vector y = hysy + n appears at the input of
the receive antennas. Applying MRRC to the received vector y,
as in (2), results in the following vector:

h{{hQSQ + h{ll’l
hihyss + hin
hBHhQSQ + hgn
hthSQ + hfn

®)

Under the assumption of unity channel gains and for i.i.d
channels, we have

E{hfh;} =64,

1, ifi=k

otherwise.

Therefore, if the noise is assumed to be AWGN with zero
mean and o2 variance, then three elements in the vector g have
zero mean and O’TQL variance. The other element, i.e., the second
element in (8), has mean s, and variance o2. The square QAM
signal can be decomposed into two independent but identical
amplitude modulated signals: 1) in phase I and 2) quadrature
Q. In what follows, only the real positive part of the QAM
constellation is considered for the calculation. Assume that p;
is the absolute value of the real part of the transmitted symbol
s9. Then, p is a vector of length ¢ = 20™/2)~1 which contains
the positive real-part elements of the constellation diagram. Let
P(u;) denote the probability that the antenna number estimate
is incorrect when transmitting ;. Then, the average overall
probability of error for the antenna number estimate, when
considering the real part P,,, is given by

1 C
P = - > P(). (10)
=1

The imaginary part is identical to the real part and can be
calculated in a similar way. The probability that the detection
is correct for both real and imaginary parts is the product of
two probabilities, namely, (1 — P,,)(1 — P,,). As a result, the
overall probability of error, when considering both real and
imaginary parts, is given by [29]
P,=1—(1—-P,)?=2P,, — P2. (11)
The detection of the transmit antenna number is given in (3).
Let x = |v|, where v is a random variable that follows a
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Fig. 2. Order statistics pdfs of four random variables. The main figure shows
the pdfs at SNR = 15 dB for 64 QAM and for ;11 = 1, whereas the upper main-
corner figure shows the same pdfs at the same SNR but with ;13 = 5. The small
figure inside the corner figure shows the crossing point between the pdfs by
plotting the y-axis on log scale. The bold circles in the main figure are the three
intersection points of the pdfs. It is clearly shown that the error contribution
from the second maximum is the largest, then from the third maximum,
and so on.

Gaussian distribution with mean y; and variance aﬁ. Then, the
probability density functions (pdfs) for v and z for each p; are

o 1 _ (71;;%)2
fV (’U|/’[/i7 an) - O_nm exp "

o 1 7(w;:2i>2 7(00:;31-)2
Ix ($|Mz',0n) —m exp no exp n

(12)

The second step in estimating the antenna number is finding
the position of the element in g with a maximum absolute
value. This is done by computing the pdfs of the sorted IVy
random variables, where each has a pdf as given in (12) but
with different means. This problem can be treated with order
statistics [30].

Let X(1),...,X(n,) denote the order statistics of random
samples from a continuous population with a cumulative dis-
tribution function Fx (z|u;, 02) and a pdf fx (z|u, 02), where
X(Nt) > X(Nt—l) > > X(l). Then, the pdfOfX(j) is

!
fxg (@luison) = mb{ (i, o)

< [Fx (alps,o2)]

x [1—Fx (m|ui,oi)}Nrj .

(13)
Considering the current case of four transmit antennas, Fig. 2
shows the order statistics pdfs of the four random variables,
which result from taking the maximum of the absolute value
of each element in the vector, which results from MRRC at the
receiver. If the order statistics pdfs are assumed to be statisti-
cally independent, the probability that the antenna number esti-
mation is incorrect can be found by numerically integrating the
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intersection areas of fx , ([, o2) with all other distributions
for each mean value. However, the assumption of statistical in-
dependence is an approximate, since the pdfs are derived based
on the conditional probability that X (x,) > X(n,—1) > -+ >
X(1)- Nevertheless, it will be shown in Section II-C that
both analytical and simulation results demonstrate a very close
match, which indicates that the previous approximations are
valid.

Let x3, 2, and z; indicate the intersection points (bold
circles in Fig. 2) between fx,, (#|ui,07) and fx , (x]0,02),
[x o (2]0,07), and fx ([0, 07 ), respectively. Fig. 2 shows
that x3 > x5 > x1 > 0, which indicates that the error contri-
bution from the second largest sample is always the highest,
followed by that of the third largest sample, and so on. The
probability of error for each p; is, then, given by averaging the
multiple hypothesis errors as follows:

xrs3 2
1
P(w) = | [ o (alssoR) dot [ fx, (alpso?) do
0 0

—|—/fX(4> ($|M¢7072L) dx (14)
0

For any number of transmit antennas, (14) can be written as

Ny Ti

1 i
P() = 57— > /fX(Nt) (zlpi,on) dx | . (15)
t =1}

Knowing P(p;) for Vi, P,, is calculated as in (10). P,, is, then,
used to compute P, as in (11). Both P, and P, are used to
calculate the overall probability of error as in (6).

C. Analytical and Simulation Results

We next consider the simulation and analytical SER of
SM over i.i.d. Rayleigh flat-fading channels for different SM
system configurations. The results for a 16-QAM 4 x 4 SM
(resulting in m = 6 bits) and a 64-QAM 4 x 4 SM (resulting
in m = 8 bits) are depicted in Fig. 3. Additional simulation
and analytical results for a 16-QAM 4 x 3 SM (resulting in
m = 6 bits) are depicted in Fig. 5.

The simulation and analytical results, as shown in Fig. 3,
are in close agreement. At relatively high SNR values, it is
not possible to compute the numerical integration, since the
crossing points no longer exist, as in, for example, Fig. 4. For
a higher modulation order, the crossing points disappear at a
higher SNR.

An efficient and practical MIMO architecture must handle
any configuration of transmit and receive antennas, including
the case of fewer receive antennas than transmit antennas. This
is, indeed, required in most cellular systems, since the base
station can usually accommodate more transmit antennas than
mobile transceivers. The BLAST techniques efficiently work
for N; < N,.. These techniques result in a poor performance
if N; = N, and have an error floor if N; > N, [31]. Turbo-
BLAST is based on a random layered space—time code and an
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Fig. 4. Order statistics pdfs of four random variables. The main figure shows
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(figure inside the box) shows the same pdfs at the same SNR but with p3 = 5.
The figures clearly show that numerical integration is not possible at this high
SNR, since the crossing points between the pdfs no longer exist.

iterative detection and decoding receiver. Turbo-BLAST works
with any configuration of transmit and receive antennas and has
a better performance than traditional BLAST techniques. This,
however, comes at the expense of an immense increase in the
overall system complexity. An alternative solution is to use SM,
as shown in Fig. 5. The results in Fig. 5 show the special case
where there are more transmit antennas than receive antennas.
The analytical calculation is still valid, and the analytical and
simulation results are almost the same.

IV. CHANNEL MODELS

The multipath frequency selective and time-variant channel
model, as well as the Rician fading, SC, and MC channel
models, are presented in this section. These models are only
relevant to the simulations and the critical assessment of SM
as presented in Section V, but they are clearly not a necessary
requirement for SM to work.

The channel matrix H(7,t) is a block matrix and can be
viewed as a collection of N,. x N; vectors of length p, where
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p is the number of channel paths for each channel link between
each transmit antenna and receive antenna. Each vector gives
the multipath channel gains between each transmit antenna and
receive antenna as follows:

hl,l(T; t) hl,Q(T’ t) hl,Nt(T7 t)
h271(7', t) hQ,Q(T, t) hgﬁN (T, t)
H(rt) = . ) .
hy, 1(7.1)  hy, 2(7,1) hy, v, (7,1)
(16)

Here, h,, . (7,t) is a channel vector of size p x 1 between
receive antenna v and transmit antenna x, which contains all
the multipath channel gains and can be written as
by (7,t) = [AL (71, 8) B2, (Tos ),y B ()] T (17)
In this paper, the multipath channels between different links
are taken to be statistically independent and are modeled by the
Monte Carlo method [32], [33]. An indoor multipath channel is
considered. Each channel path gain is given by

Np,
1 )
W w(r,t) = —mple] ) @CTleatt0eb(r — 1) (18)
qg=1

where f, , = fasin(2mu, q), 6,4, and N, are the discrete
Doppler frequencies, the Doppler phases, and the number of
harmonic functions, respectively. The propagation delay that
is related to the opth channel path is 7. The quantities u, 4
are independent random variables, with each having a uniform
distribution in the range (0, 1] for all ¢ =1,2,---,p and are
independently generated for each link. The maximum Doppler
frequency of the frequency selective multipath channel is given
by f4. Finally, the coefficients of the discrete multipath profile
are modeled by p[p]! [34].

IThe channel profile that was used in this paper is
[1,0.8487,0.7663, 0.788,0.66578, 0.5643, 0.5174, 0.0543, 0.04652].

p=
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A. Rician Fading Channel

The standard statistical model for a multipath fading channel
with a line-of-sight (LOS) component follows a Rician distri-
bution or embodies Rician fading. In Rician fading, the channel
impulse response between each transmit antenna x and receive
antenna v is modeled as the sum of a fixed component and a
random multipath channel component [35], which is given by

. [ K 1
h, . (7,t) = mhﬁgs(r, t) + ,/H—Khm(f, t) (19)

where h QS = [10...0]isa 1 x p vector, with all components,
except for the first one, being set to zero for all v and k. K /(1 +
K) is the mean power of the LOS component, and 1/(1 + K)
is the mean power of the random component. K is defined as
the Rician factor.

B. SC Model (Kronecker Model)

The channel correlation depends on both the environment
and the spacing of the antenna elements. A terminal, which is
surrounded by a large number of local scatterers, can achieve
relatively low correlation values, even if the antennas are sep-
arated by only half the wavelength. In outdoor base stations,
the antennas are significantly higher than the scatterers, and a
sufficiently low correlation is likely to require ten wavelengths
between neighboring antenna elements. In indoor base stations,
the required antenna separation is likely to be between these
two extremes [36].

To incorporate the SC into the channel model, the correlation
among channels at multiple elements needs to be calculated.
The correlated channel matrix is, then, modeled using the
Kronecker model for its straightforward mathematical descrip-
tion [37]. It is recognized that this model does not capture
all possible correlation scenarios to their full extent [38], but
since the interest is a comparative study of different spatial
multiplexing techniques, its use is deemed justified. Thus

H ™ (7,¢) = RY2H(r, ) R/?. (20)

The correlation matrices can be generated using the spatial
channel model [39] or can analytically be computed based on
the power azimuth spectrum (PAS) distribution and array geom-
etry [37]. In this paper, the latter approach is used, assuming
uniform linear arrays with isotropic antenna elements at the
transmitter and receiver. In addition, a clustered channel model
is assumed, as shown in Fig. 6, in which groups of scatterers
are modeled as clusters that are located around the transmit and
receive antennas. The calculation of the correlation matrices at
the transmitter and the receiver follows the procedure discussed
in [37], which is derived based on the PAS distribution and the
array geometry. The PAS is modeled as a truncated Laplacian
distribution over (—m, |, since it best fits the measurement
results in urban and rural areas [40].
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C. MC Model

A radio signal that impinges upon an antenna element in-
duces a current in that element, which, in turn, radiates a field
that generates a surface current on the surrounding antenna
elements. This effect is known as MC. Such a coupling in-
fluences the radiation pattern and the antenna correlation. The
parameters that affect MC are element separation, frequency,
and array geometry [20].

The modified MIMO channel, in the presence of MC at delay
time 7, is given by [20]

o ZTH(T7 t)Zt o

H®"(1,t) = —————— = C,,c H(7,1)Csr
CrCt

2

where C,x; = Z, /¢, and Ciy, = Z;/c; are receiver and trans-
mitter coupling matrices, and Z, and Z; are the overall
impedance matrices that are shown at the receiver and the
transmitter, respectively. ¢; and ¢, are normalization factors that
guarantee that the input and output voltages are the same for
zero MC. The impedance matrix for an N-element array with
dipole antenna length d; and dipole radius d,. is calculated as in
[20] and [41].

V. SIMULATION RESULTS

In the simulation, a carrier frequency of 2 GHz with a
20-MHz system bandwidth and 256 OFDM subchannels is
assumed. A time-variant multipath channel with a 0.45-us max-
imum propagation delay, a 5-Hz Doppler frequency, a 0.5-us
guard interval, and 20 OFDM symbols per frame is considered.
The multipath channels of different links are statistically inde-
pendent. The total signal power is the same for all transmis-
sions. The noise is additive Gaussian, which is spatially and
temporally white. Perfect time and frequency synchronization
is assumed.

The V-BLAST system uses minimum mean square error
(MMSE) detection with ordered successive interference can-
cellation decoding and assumes knowledge of the SNR at
the receiver. The substream with the strongest SNR is first
detected, followed by demodulation and subtraction from the
initial signal. The detected substream is nulled, and the process
is iteratively repeated for all other substreams. In addition, the
V-BLAST detection for OFDM is the same as the V-BLAST
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TABLE 1II
SIMULATION CONFIGURATIONS. TRANSMISSIONS OF 6 AND
8 b/s/Hz, USING SM, V-BLAST, AND ALAMOUTI,
ARE CONSIDERED FOR SIMULATION
| Simulation Configurations |
| Transmitted bits || SM | ZF-VBLAST | Alamouti |
6 b/s/Hz 4x4 16QAM 3x4 4QAM 2x4 64QAM
2x4 32QAM 2x4 8QAM
8 b/s/Hz 8x4 32QAM | 2x4 16QAM | 2x4 256QAM
4x4 64QAM

detection that was used for flat Rayleigh flat-fading channels
and can be applied on each subchannel [25]. The Alamouti
detection for OFDM follows the same principle as in [8] and
[26]. For the Alamouti simulation, a quasistatic channel is
assumed, which remains constant for an Alamouti codeword
period and is equal to the Alamouti codeword length.

In the following, the bit error rate (BER) performance
of coded and uncoded SM-OFDM, Alamouti-OFDM, and
V-BLAST-OFDM systems are compared under ideal channel
conditions and the combination effects of Rician fading, SC,
and MC. In the simulation, all compared systems are selected
such that they achieve the same spectral efficiency, as shown in
Table II. Two spectral efficiencies are of interest: 1) 6 bits/s/Hz,
and 2) 8 bits/s/Hz.

A. Ideal Channel (No Channel Imperfection)

Figs. 7 and 8 show the simulation results under ideal channel
conditions for 6- and 8-b/s/Hz transmissions, respectively.

For both fixed spectral efficiencies, all schemes show approx-
imately similar performance at a low SNR (SNR < 10 dB).
For SM transmission, the 4 x 4 system with a 6-b/s/Hz-
transmission and the 8 x 4 system with an 8-b/s/Hz trans-
mission start to show significantly better performance than
V-BLAST at SNR > 10 dB, whereas the other SM systems
(i.e., the 2 x 4 system with a 6-b/s/Hz transmission and the
4 x 4 system with an 8-b/s/Hz transmission) in both figures
show better performance gains than V-BLAST at SNR > 20 dB.
This can be explained due to the use of a lower modula-
tion order in the first set of systems as compared to the
other set. This also explains the behavior of the Alamouti
scheme, where Alamouti shows poor performance as compared



2236

Bit Error Ratio

T I
| —— SM 4x4 16QAM
6 | =—@— SM 2x4 32QAM
107° ;| == Alamouti 2x4 64QAM |

| = B = V-BLAST 2x4 8QAM |
| = @ =V-BLAST 3x4 4QAM

10 : ; '
0 5 10 15 20 25 30
SNR (dB)
Fig. 7. BER versus SNR for the case of a 6-b/s/Hz transmission (ideal

channel).

10° e
kel
©
o
g
W 1074 E b e
D P ON
10- IR : IR SEERERE SRS ST
[—e—sMesaam axa
1078 || —de— SM 320AM 8x4
| = Alamouti 256QAM 2x4
| === V-BLAST 16QAM 2x4 | i '
10-7 n T i i i
0 5 10 15 20 25 30
SNR (dB)
Fig. 8. BER versus SNR for the case of an 8-b/s/Hz transmission (ideal
channel).

to SM and V-BLAST. The main reason behind this degradation
in Alamouti’s performance is the use of a higher constellation
size to achieve the same spectral efficiency as in SM and
V-BLAST. The performance of SM in both Figs. 7 and 8
demonstrates a major enhancement over V-BLAST and the
Alamouti scheme. For example, at a BER of 1072 and for a
6-b/s/Hz transmission, SM outperforms V-BLAST by around
3 dB in the best case and also outperforms Alamouti by around
10 dB. At the same BER and for an 8-b/s/Hz transmission,
8 X 4 and 4 x 4 SM systems outperform V-BLAST by
around 4 dB and 1 dB, respectively. The Alamouti scheme
demonstrates poor performance for the 8-b/s/Hz transmission,
and the BER was still greater than 1073, even at SNR = 30 dB.
The particular behavior of SM systems is further analyzed, and
the results are presented in Fig. 9.

In Fig. 9, the BER performance of SM and MRRC, under
similar modulation orders and the same number of receiving
antennas, is depicted. At a relatively low SNR, the performance
of SM systems approaches that of the corresponding MRRC,
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Fig. 9. In SM systems, signal modulation and SM can be traded off to achieve

better performance. The figure shows that antenna error dominates for large
SNR values, and hence, the 4 x 4 SM system performs worse than the 2 X 4
SM system.

which is the upper bound, as discussed in Section III. However,
at a higher SNR, the performance of SM systems starts to
be poorer than that of MRRC. The 4 x 4 SM system starts
to deviate from MRRC at an SNR of about 16 dB, and at
a BER of 107, it loses around 5 dB SNR, as compared to
MRRC. However, the 2 x 4 SM system demonstrates better
behavior and achieves almost the same performance as MRRC
up to an SNR of 23 dB. However, the performance slightly
degrades at SNR > 23 dB. This behavior can be explained
by the existence of two estimation processes in SM: 1) the
antenna number and 2) the transmitted symbol. For a low SNR,
the error is dominated by the estimation of the transmitted
symbol. For a high SNR, however, the error is dominated by
the estimation of the antenna number. Therefore, the likelihood
of erroneous antenna detection increases with an increasing
number of transmit antennas. Hence, the 2 x 4 SM system
performs better than the 4 x 4 SM system at a high SNR. This
also explains the crossing points of the BER curves of the SM
systems in both Figs. 7 and 8.

This is a significant finding, which opens a new area of
adaptive modulation, in which the number of transmit antennas
and the size of the constellation diagram can be traded off
to achieve better performance. For instance, if the channel is
bad (resulting in a low SNR at the receiver) and the antennas
are almost uncorrelated, it is better to use a smaller signal
constellation size and more transmit antennas. On the other
hand, if the channel is good, then fewer antennas and a larger
signal constellation size achieve better performance.

B. Uncoded System With All Imperfections

The effect of all channel imperfections on the performance
of SM—OFDM, Alamouti-OFDM, and V-BLAST-OFDM is
studied in the following. The Rice factor K in (19) is set to 2 in
the presence of LOS. In an indoor environment, the measured
values of K are close to the selected value in this paper [42].
SC is present in all systems and at both the transmitter and
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the receiver arrays. Antenna spacing and the angular values
for the simulation of SC are taken from the Third-Generation
Partnership Project (3GPP) spatial channel model [39]. The
transmit array with an element spacing of 0.5\, mean angle of
arrival of 20°, and an angular spread (AS) of 35° is assumed.
The receive array has an element spacing of 10\, a mean
angle of departure of 20°, and an AS of 5°. The MC effect is
negligible for an antenna spacing that is beyond A. Therefore,
MC is only present at the transmitter in all systems. To simulate
the MC matrix, a uniform linear array with identical dipole
antenna elements with an isotropic radiation pattern is assumed.
A dipole antenna length of 0.5\ and a radius of 3.33 x 1073\
are considered.

The effect of all channel imperfections on the performance
of SM, V-BLAST, and Alamouti is depicted in Figs. 10 and 11
for 6- and 8-b/s/Hz transmissions, respectively.

Combined imperfections degrade the performance of SM and
V-BLAST, whereas it enhances Alamouti’s performance. The
enhancement in Alamouti’s performance, as compared to the
ideal case, comes from the presence of the LOS component
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and depends on the constellation size that was used, as well
as the value of the Rician factor K [10], [11], [43]. The first
important observation is that, for the 6-b/s/Hz transmission
(Fig. 10), Alamouti performs slightly worse than SM at a low
SNR but has an almost-similar performance at a high SNR. In
addition, due to full diversity gains, Alamouti is robust to the
presence of SC and MC imperfections [44], [45]. Furthermore,
SM performs 1 dB better than Alamouti for SNR < 25 dB.
The gain of SM over Alamouti for the 8-b/s/Hz transmission
(Fig. 11) is around 5 dB at a BER of 1072,

For a 6-b/s/Hz transmission and a BER of 1072, the com-
bined effect degrades the 4 x 4 SM performance by about 5 dB
and the 2 x 4 SM performance by 3 dB. The effect on
V-BLAST’s performance is more severe, and a loss in SNR
of approximately 8 dB at a BER of 102 is noticed. For an
8-b/s/Hz transmission at the same BER, the 4 x 4 and the
8 X 4 SM systems suffer from 2- and 5-dB losses in SNR, re-
spectively. Again, the effect on V-BLAST is more pronounced,
and a loss in SNR of approximately 10 dB is noticed. The high
loss in V-BLAST’s performance in the presence of all channel
imperfections explains why the Alamouti scheme has a better
performance than V-BLAST in such channel conditions. At a
BER of 102, SM outperforms V-BLAST by about 8 dB in both
6- and 8-b/s/Hz transmissions.

In Figs. 10 and 11, both SM schemes show approximately the
same BER versus SNR behavior. This is in contrast to previous
results, in which SM systems with a low number of transmit
antennas performed better than SM systems with a high number
of transmit antennas. An explanation is given by noting that
the degradation of SM systems, as discussed in the previous
paragraph, in the presence of all channel imperfections, in-
creases with an increasing number of transmit antennas. This
means that the presence of all channel impairments affects the
detection of the transmit antenna number to a greater extent.
Therefore, the BER improvement for SM systems with a low
number of transmit antennas at a high SNR is considerably
less marked than for an ideal channel. For this reason, the SM
systems perform almost the same at a high SNR.

C. Coded System With All Channel Imperfections

For coded systems, we consider a convolutional channel
encoder, followed by a block interleaver. Each transmitted
OFDM frame is independently encoded by the channel encoder
and is, then, interleaved by the block interleaver. A nonrecursive
rate of 1/2 convolutional encoder, with an overall constraint
length of 3, is used. The data that were received after OFDM
demodulation are block deinterleaved and are, then, decoded
using a hard Viterbi decoder.

The BER performance of coded SM, Alamouti, and
V-BLAST with all channel imperfections is depicted in Figs. 12
and 13 for 6- and 8-b/s/Hz transmissions, respectively.

First, a coding gain of approximately 5 dB is evident in both
figures, as compared to the previous uncoded results. Second,
the SM results show the best performance, and they outperform
both Alamouti and V-BLAST. For the case of the 8-b/s/Hz
transmission, as shown in Fig. 13, SM outperforms Alamouti
by 5 dB and outperforms V-BLAST by 7 dB at a BER of 1073,
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respectively. For the 6-b/s/Hz transmission, SM and Alamouti
have almost the same performance at a high SNR, whereas SM
outperforms Alamouti by about 1 or 2 dB for SNR < 23 dB.
Finally, SM outperforms V-BLAST by about 7 dB in the best
case at a BER of 10~%, as shown in Fig. 13.

VI. RECEIVER COMPLEXITY

In this section, we compare the complexity (the number
of complex operations) of the V-BLAST, Alamouti, and SM
algorithms that were presented in this paper. There are many
variants of the original V-BLAST algorithm, some of which, in
fact, result in reduced receiver complexity. These algorithms are
based on QR decomposition [46], [47], Gram—Schmitt Orthog-
onalization, which substitutes the computation of pseudoin-
verse in finding the weight vectors [48], and the use of a
recursive matrix update, as proposed in [49]. However, the
reduction in receiver complexity is only significant for a large
number of transmit and receive antennas, whereas it is in-
ferior for small numbers. For instance, the proposed scheme
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in [48] reduces the receiver complexity by 30% for a 4 x 4
system and by 20% for a 2 x 4 system. It will be shown in
the following that SM yields a greater reduction in receiver
complexity than the variants of V-BLAST. In particular, SM
has around 90% and 80% reduction in receiver complexity,
as compared to MMSE V-BLAST and to V-BLAST-based
QR decomposition, respectively, without sacrificing spectral
efficiency. Furthermore, as shown in Section V, SM results in
better BER performance for the studied scenarios which do
incorporate realistic assumptions regarding the channel. The
Alamouti and STCs techniques, on the other hand, are well
known to achieve very low receiver complexity. It will be
shown that SM achieves complexity that is comparable to those
techniques, while superior BER performance is reported in
Section V.

Only multiplication and addition of complex numbers are
considered as operations. The MMSE criterion requires two
matrix multiplications: 1) one inversion and 2) one addition.
It is assumed that the matrix transposes are not explicitly
computed. The first matrix multiplication requires N?N,. op-
erations, the matrix addition requires Nf operations, and the
matrix inverse needs 4N, (using Gaussian elimination) op-
erations [50], [51]. The second matrix multiplication takes
N} operations. Therefore, a total of (5N? + N,.N? + N7?)
complex operations are needed. For V-BLAST, these steps
are repeated for ¢ = 1,..., N;. This means that the inverse is
computed for a deflated matrix, with decreasing dimensions
of (N x (N; —¢§)),£€=0,...,N; — 1. As a result, the total
number of complex operations is given by

Ny
> (58 + N + %),

i=1

For V-BLAST with QR decomposition [52], the computa-
tional time is dominated by finding the QR factorization.
The QR decomposition can be done by directly applying the
Householder unitary transformations, which costs 2N?(N,. —
(N¢/3)) complex operations [51]. Filtering the received vector
through Q¥ requires N?2 operations. For backward and forward
sweeps, twice this number of complex operations is needed.
Thus, a total of 2(2N2(N,. — (N¢/3)) + N2) complex opera-
tions are needed.

SM applies MRRC at the receiver. MRRC needs NN,
complex multiplications and N;(N, — 1) complex additions.
Thus, a total of

(2N,N, — N,)

complex operations are required.

The Alamouti detection process requires N2 complex multi-
plications and 2(2N,. — 1) complex additions for two transmit-
ted symbols. Therefore, a total of 0.5(N?2 + 4N,. — 2) complex
operations are required at the receiver for the detection of one
OFDM subchannel.

The required number of complex operations per OFDM
subchannel for transmitting six information bits at a time
for SM—OFDM, Alamouti-OFDM, and V-BLAST-OFDM are
shown in Table III and Fig. 14.
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TABLE III
RECEIVER COMPLEXITY COMPARISON FOR A 6-b/s/Hz TRANSMISSION
V-BLAST SM Alamouti
MMSE | QR MRRC ML
2x4 3x4 2x4 3x4 4x4 2x4 2x4
8QAM  4QAM 8QAM  4QAM | 16QAM  32QAM | 64QAM
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Fig. 14. Receiver complexity comparison for the 6-b/s/Hz transmission that
uses MMSE V-BLAST, V-BLAST-based QR decomposition, SM, and the
Alamouti algorithm.

VII. CONCLUSION

A practical multiple antenna transmission approach, called
SM, has been applied to OFDM and has been presented in this
paper. The closed-form analytical performance of SM in i.i.d.
Rayleigh flat-fading channels has been derived, and analytical
and simulation results were shown to closely agree. The SM
scheme was shown to be more robust to the presence of Rician
fading, SC, and MC, as compared to V-BLAST. In addition,
when comparing the performance of SM and Alamouti, SM
was shown to have a better or, in the worst case, a similar
performance for all the simulated cases. The performance of
SM degrades in the presence of a LOS component, whereas the
performance of Alamouti improves in such channel conditions.
Another limitation of SM is the increase in spectral efficiency
by the base-two logarithm of the total number of transmit anten-
nas, as compared to a linear increase for the V-BLAST system.

The obtained gain in the SNR for the same spectral efficiency
of SM over V-BLAST at a BER of 10~ varies from 3 dB in
ideal channel conditions to 8 dB in the presence of all channel
imperfections, along with channel coding. In addition, around
90% of reduction in receiver complexity is achieved. As com-
pared to Alamouti, different performance gains in SNR can be
noticed. In the presence of all channel imperfections, along with
channel coding, SM gains 1 and 5 dB in SNR over Alamouti for
6- and 8-b/s/Hz transmissions, respectively. Moreover, SM and
Alamouti have comparable receiver complexity. An additional
significant advantage of SM is the freedom to work with any
system configuration, even for the case where there are more
transmit antennas than receive antennas.

Future work will concentrate on the investigation of adaptive
algorithms to trade off “SM” against signal modulation based
on the actual signal-to-interference-plus-noise ratio, as well as
new antenna number detection algorithms.
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