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Abstract—This talk presents a new approach for achieving  Space-time block codes (STBCs) are another class of space-
both full rate and full transmit diversity. The techniques in time codes that have been extensively researched. The first
patial modLlators. When there i only  single recene antenna, STEC in the literature is the Alamouti code (7). The Alam-
the goal is to design the modulator at each transmit antenna’ outi code is a scheme for1 system Wh'Ch produces exactl_y
so that(even for the worst case realization of the channel the same performance ad a2 system with the same transmit
coefficients) the scheme achieves the capacity of the singlepower. This was the first example of a full rate, capacity
transmitter multiple receiver system with the same channel achieving STBC that also achieved full diversity. The Alartio
ggggﬁ'er¥§é H]set ggaﬁéess‘iﬁés Ct(\),\:‘IC)st:i?ag{gr?cg)elsu;?ngmgdgclaattogf code, being an orthogonal space-time code, also has a much
random phase sequences to modulate the transmitted symbol at _srlrr]npler r(;acent/er strucf:ttl;]re'g:)mpar?d t?] spacle-(;lrtnetrt]rtabhkes. hi
each antenna. The receiver thus sees an equivalent single anten 1 N€S€ advantages ot the Alamouli scheme led 10 the search for
system with an expanded and distorted constellation. The second full rate orthogonal space-time codes for systems withtgrea
approach does not increase the constellation size and transmits numbers of transmit antennas. Orthogonal space-time block
different permutations of the same constellation from different  ~qqes were subsequently studied in considerable detafl]in [

antennas. The permutations can be designed either algebraically =~ . .
or numerically and the receiver thus sees a distorted constellation USiNg the theory of orthogonal designs. Tarokh et al ([8])

that depends on the channel realization. In addition to being full showed that, for complex signaling alphabets, the Alamouti
rate and full diversity (which is impossible for coventional space- scheme is the only orthogonal full rate STBC possible. For
time codes except in special cases) these schemes are potentialijeal alphabets, the paper also showed that it is possible to
very simple to implement. design orthogonal STBCs for 2,4 and 8 antennas. For any
other number of antennas, no full rate orthogonal codes are
possible. Their paper also deals with generalized orthalgon
designs and provides a few examples, although relaxation
This talk presents a new paradigm for designing full diveof the orthogonality constraint this way doesn’t providey an
sity, capacity achieving schemes for multi-antenna systersignificant benefits. Another paper by Ganesan and Stoifia ([9
The designs presented in this talk are not, strictly spegkirpresented a different approach based on maximizing the SNR
space-time codes. The techniques presented work on a syndfolhe received signal. This paper shows that STBCs based
by symbol basis (as opposed to a space-time code, whamh orthogonal designs maximize the received SNR. While
works over several symbols), and are hence better refeoredHis paper arrived at the same solutions as [8], the analysis
as spatial modulation schemes. This talk outlines the desigrovides a more intuitive understanding of orthogonal S$BC
of some simple spatial modulators which achieve performan&nother paper by Wang and Xia([10]) proved that for complex
comparable to or better than existing space-time codes. orthogonal space-time block codes for systems with mone tha
Space-time codes promise to exploit the diversity advantatyvo transmit antennas, the rates are upper bounded by 3/5. In
which is available in multi-antenna systems while keepingpe case of generalized orthogonal designs, the rates pex up
the receiver complexity low ([1]). Such schemes typicallpounded by 4/5. These papers made it clear that in order
transmit copies or correlated versions of the data acros bto achieve the best possible performance (in terms of both
time and antennas. The fact that the transmitted signafs fraiversity gain and capacity) for arbitrary numbers of traits
different antennas experience different amounts of stadfe antennas, newer and more flexible approaches to space-time
and attenuation means that certain copies of the receivtad dalock coding had to be developed.
are better than others. This redundancy in the receiveclsign One novel approach was described in a paper by
is exploited by a receiver which has knowledge of the channifarkhani([12]), which involves sacrificing orthogomalfor
state information to provide improved performance. a simple ML decoding receiver over pairs of transmitted
Space-time codes were first systematically studied in [Bymbols. These codes were named quasi-orthogonal STBCs
This paper presented a class of codes called space-tirtie treind Jafarkhani’'s paper presents such codes for 4 and 8
codes due to their similarity to trellis codes used over Gauns transmit antennas and complex signaling alphabets. There
channels. These codes were proved to achieve full diverditgive subsequently been many more papers investigating quas
but not necessarily the full coding gain for a multi-antennarthogonal STBCs ([13]-[16]). These codes have an advantag
system. There have been other advances in space-times trelier orthogonal STBCs in that full rate and full diversity
coding ([3]-[6]) but this technique is inherently limitegy the codes can be designed for arbitrary numbers of transmit
fact that it requires an exponential growth in trellis coexiy antennas which is not possible if strict orthogonality minest
with the number of transmit antennas to achieve diversity amaintained. However, Papadias and Foschini ([17]) show tha
coding gains. the lack of orthogonality in Jafarkhani’'s designs resuttsai

1. INTRODUCTION



net capacity loss. Their arguments can easily be extendeddacombine this spatial modulator with the scheme described
general quasi-orthogonal designs. in Section 2 to design hybrid schemes with potentially vette

From the point of view of designing capacity achieving€rformance.
codes, Hassibi and Hochwald ([11]) introduced a generakcla
of codes called linear dispersion codes which are designed2: CHANNEL MODEL AND DESCRIPTION OFCODING
to maximize the average mutual information over the MIMO SCHEME
channel while allowing for a receiver structure similar to This section considers a system with multiple transmit
V-BLAST. These linear dispersion codes include orthogonahtennas and a single receive antenna. The aim is to design
STBCs as a special case. While the ML decoding of thegecoding scheme that achieves the full diversity gain for an
codes is exponentially complex, the linear structure of¢heN x 1 system. For anV x 1 system with appropriate error
codes makes linear decoding algorithms like successiimgul correction coding, a scheme is said to have full diversity if
and cancelation and sphere decoding([11],[18], [19]) Meabit achieves the same capacity as an equivalertN system.
alternatives. However, these codes have a major disady@ntdhis definition is based on the idea behind Alamouti’s code.
in that they do not usually achieve full diversity at highesat The capacity of & x 1 system using the Alamouti code is
These codes are also designed to achieve the average mudeaitical to that of al x 2 system irrespective of the specific
information (mutual information averaged over channeksta realization of the channel coefficients.
Therefore, the design of these space-time codes is explicit It is a well known result that for a single transmitter,
dependent on the distribution of the channel coefficientss T multiple receiver system, the optimal approach is to combin
is unlike STBCs based on orthogonal designs, which altee different received signals using Maximal Ratio Congni
designed to work for any realization of the channel states. (MRC). When MRC is used, the effective SNR is proportional

This talk presents two simple high rate and full diversit} |Hl|2, whereH denotes the vector of channel coefficients.
spatial modulation schemes where the coding matrix is gonsequently, the capacity of the system is also a function
size 1 x N (N is the number of transmit antennas). Th&f |[HI|2. In order to get a fair comparison between the
schemes are designed to perform as well as or better tf@pacities for different realizations of the channel cofits,
the equivalentl transmitter,N' receiver system for the worstthe capacity is evaluated under the constraint {fat|, = 1.
case realization of channel coefficients. Section 2 forzeali The goal is to design a spatial modulation scheme whose
the problem and motivates the spatial modulator as a saluti®erformance will either equal or surpass the performance of
It also describes in detail, the first spatial modulationesoa e Single transmitter multiple receiver case. _
which this talk explores. This scheme involves transngttin | NS Section calculates the capacity achievable by theaspat
the same symbol from all antennas, where each antenndn@dulation scheme for the worst case realization of the
modulated by a random phase. These phases modulating €Z@ne! coefficients (under the constrajffi|l, = 1) and
antenna are randomly chosen from a finite number of rand&fmpares this with the performance of a single transmitter
phase sequences generated at each time instant. Althoeghi!tiple receiver system for an identical realization. fthe
receiver knows the set of random phase sequences, it dBE& Many reasons why this is a more meaningful metric of
not know which particular phase sequence was chosen at Rg&formance than average mutual information. Firstlynzpée
transmitter. Thus, the transmitter uses additional bitselect channel model where the coefficients are independent and
a particular phase sequence. Since the receiver knows f'eigh distributed may not be realistic. Secondly, theigte
channel state information and the set of modulating phasdsthe spatial modulator should be independent of the channe
used at each time instant, it effectively sees an expano@&“sncs’ which will not_be _true if the mutual mformatmn_n
constellation which is made up of a number of rotated ar:,ad(eraged over the distribution of the qhannel states. liyjnal
scaled versions of the constellation at the transmittee. gl thiS approach ensures that the spatial modulators have a
of this scheme is to use the expanded constellation seee atgHaranteed worst case performance. .
receiver to provide a guaranteed worst case performaree (i The spatla! modulatl_on scheme in this talk can be described
for the worst-case channel realizations). Section 2 goet onPY the following equation,
present numerical results of capacity for the spatial metthri Yy =HTeoXx +Z (2.1)

scheme. ) -
Section 3 presents the second spatial modulation schemeW nereHT IS the row vector of channel state coefficients, and
P n [e7% €192 .. €I9%]T. @ is a column vector which

. ' ) O =
this scheme, each transmitter sends a different permntafio ' N
the same constellation. In contrast with the scheme destri represents the random phase shift sequence which is used to

in Section 2, this is a pure modulation scheme since thef odulateX, which is the symbol transmitted by each antenna.

) L . X S fie symbol X is selected from an alphabet of size The
is no expansion in the constellation size or reduction in th

code rate. The constellation seen by the receiver is a ”nésgerquenc@ Is selected from a set of possible phase sequences

S . , = of sizem. Each phase sequen€ein = is made up of i.i.d.
o e e oo gelizaons of Lnform random variabe f 2r. This st
- DEP 9 = which is generated at the transmitters at each time instant

choice of the permutations, the received constellation Canknown to the receiver as well. Since the &is freshly

SZ gzzgi]thlyTg;:tgét;?or?gi E)argshdai%(;r:ntsrlggiggzgtzf ggg.rad%%nerated at each time instant, it is meaningful to compute
pacity. P 9 the average capacity where the averaging is done over the

\tlcgrgteggs éagﬁgsrlzlOrredae"rztgtirgr'g'mslﬁST;[igﬁp?eC;m?SSs”mer E[phases—). The channel state vect#f is known at the receiver.
' Therefore, the receiver sees

an appropriate choice of the permutations does indeedtresu
in a very small capacity loss. Finally, this section showea ho Y=AX+Z (2.2)



TABLE |
 ITO . . .
whereA = H"© is the effective channel coefficient. It mUStCAPACITIES OF SPACE-TIME CODING SCHEME FOR DIFFERENT SCENARIOS

be noted however, that since the receiver knows dfiland

not ©, both the amplitude and phase of the effective channel
coefficient is determined by the choice of phase sequence, Const Capacity | m | ntx Modulator
which can be decoded by the receiver. The receiver conse- Capgg;y,itﬁ’gg’;;'
quently sees a composite constellation which is a function
of the channel coefficients, the set of phase sequences and 16QAM 202 | 2 4 1.83
the constellation ofX. This composite constellation hasn (SNR 5.2dB) i g i'gg
points and their arrangement relative to each other depends 4 8 1.96
on H and Z. This composite constellation also differs from 8| 4 2.03
one time instant to another because the=dliffers at each 12 2 2:83
time instant. The information rate achievable by the system 16| 8 2.07
for a given realization of the channel coefficients is given b
I(X,0;Y|H). By the chain rule of mutual information, (SSESSKdB) 1.49 g 2 1'1‘.‘32
I(X,0;YH) =I1(6;YH) + I(X;Y[H,0) (2.3) QPSK 097 | 4| 4 0.95
(SNR 0dB) 8| 4 0.98

The second term can be written &g [I(X;Y|H, © = 0)].
Due to the concavity of mutual information with respectto
this will be less than the capacity of a system without any
modulating phases. Therefore, there is a loss in capactty wof phase sequences (which is givensy and the number of
respect to the second term of (2.3). However, the first term whnsmit antennas. The exhaustive search showed that tise wo
(2.3) is non zero because information is transmitted thnougase realization of the channel coefficients occurred eithe
©. Our goal is to choose sufficiently many sequence&in the case where all the coefficients had equal amplitude or
so as to make the increase in the first term greater than thiere all coefficients except one were zero. In other words, t
decrease in the second term. worst case for our coding scheme in terms of the achievable
rate is either the degenerate case where only one antenma has
A Numerical Performance Results non zero coefficient (which makes it a point-to-point chdphne

] ] .. or when all antenna coefficients have the same amplitude.

For convenience, we can normalize the channel coefficieRtgerefore, the worst case capacity is the minimum of the

and X' to have unity power. In other words, we can look ajngle antenna capacity and the capacity with all channels

the system as being having equal amplitudes. Table | presents both the point-to
T point capacity and the equal amplitude modulator capacitie
Y=ypH OX+Z (2.4)  for these different constellations.

where p is the SNR of the system. The information rate We first performed simulations for 16-QAM for 4 and 8
achievable by the system for a given realization of the chhnrntennas at an SNR of 5.2 dB with only two and four phase
coefficients is given byl(X,©;Y|H). We need to find the sequences. For these cases, the capacity of the modulator
capacity for the worst case realization H. We must note With equal amplitudes was worse than the capacity of the
that the capacity is independent of the phases of the chanpeint-to-point case. Therefore, the worst case capacity wa
coefficients because the modulator multiplies the trariedhit always achieved when all the antenna coefficients were equal
signal with random phases at each antenna. Therefore, i¥énagnitude. As shown Table |, in the case of 16-QAM, the
only need to find the worst case amplitudes of the chanrf@@pacity of our spatial modulator with 2 phase sequences is
coefficients. While it is easy to calculate the capacity fok-83 bits/s/Hz which is 0.2 bits/s/Hz less than the capasfity
a given realization off, it is much harder to analytically 16-QAM alone. With four phase sequences, the spatial mod-
obtain the worst case amplitudes Hf. Therefore we solve ulator capacity is 0.06 bits/s/Hz less than 16-QAM capacity
this prob|em numerica"y by quantizing the amp”tudes}‘)f For smaller constellations like 8-PSK and QPSK, the same
finely and searching exhaustively for the worst case capacitends hold. For these constellations, having only two ar fo
This is valid because the mutual information is a continuoiiase sequences results in a worst case capacity slighy lo
and smooth function off and hence, a sufficiently finethan the constellation’s capacity.
guantization will yield the true worst case capacity. In the case where we use eight or more phase sequences,
For the exhaustive search, we evaluate the capacity of the worst case capacity is achieved when the amplitudes of
candidate modulation scheme under the constidifif, = 1. all coefficients except one are zero, which is the opposite of
We compare the performance of this modulator with th#ite case of two phase sequences. Therefore, using more than
of the equivalentl x N system(which is a constant underight phase sequences ensures that the modulator will wet ha
the constraint||H||» = 1). Specifically, if N — 1 channel capacity less than the equivalenk N channel. These results
coefficients were zero and the last one had amplitude omsbow that in the worst case, there is a loss of capacity if we
it would satisfy||H||> = 1. Therefore, thel x N capacity is use only two phase sequences. Increasing the number of phase
the same as the capacity of a point to point Gaussian chansefjuences improves the capacity of the modulator. When the
where the channel coefficient isfor the constellation under number of sequences is increased beyond 8, the worst case
consideration. constellation seen by the receiver is that of a point-ta¥poi
The exhaustive search was carried out for QPSK, 8-P%Kannel with increasing phase resolution and so the cgpacit
and 16-QAM. For each constellation, we varied the numbgrows negligibly.



— K ‘ ‘ ‘ 3. TRANSMITTING CONSTELLATION PERMUTATIONS

— 8PSK with 3 bits of amp
8PSK with 0 bits of amp

A. Description of Coding Scheme

In the previous section, we saw how transmitting the same
symbol from the different antennas modulated by a random
sequence of phases performed as well as the corresponding
single transmitter multiple receiver case. In this sectios
consider an alternative approach to the problem of desygnin
a spatial modulator. Instead of transmitting the same symbo
from each transmitter, we consider a one-to-one mapping
between the constellation symbols at one transmitter aad th
symbols at the other transmitters. In other words, there is a
- L different permutation of the same constellation being wsted

SR different antennas. The equation describing this new sehem

Fig. 1. Plot of capacity of 8-PSK with different numbers of ph@equences. 1S

~
o

Capacity (bits/channel use)
o
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Y = /pH Xy + Z (3.1)
. ‘ ‘ ‘ ‘ where, Xy = [X;e/% Xoei% ... XyelV], pis the SNR,
L6 0AM, & anenas wih 3 bitsof amp and X, X5, ..., Xy are the permutations of the same symbol

16-QAM, 4 antennas with 0 bits of amp

asr which are transmitted from each antenna | = 1. The
vector of §;s is the random phase sequence modulating the
symbols from each transmit antenna. These phases are chosen
from an i.i.d, uniform distribution. We first consider thesea
where there is only one vector ¢fs at each time instant.
Consequently, what the receiver sees is an AWGN channel
with a distorted constellation. The way the points are elest

depends on the specific realization It

~
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Fig. 2. Plot of capacity of 16QAM with different numbers of glea
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Figures 1 and 2 show the variation in capacity with SNR Antenna 1 Antenna 2

for 8-PSK and 16-QAM schemes for four antenna systems.
The blue curves are the capacities of 8-PSK and 16-QAM ffp. 3. Example of permutation of the same constellation usettieatwo

. transmitters.
the equivalenti x N system. The cyan and red curves are for

one and eight phase sequences respeciively, where theathannAS an example, Figure 3 illustrates how the coding scheme
amplitudes are equal. The worst case capacity of the Scr‘emﬁlbuld work for iG-QAM in a two antenna system. The
the minimum of the blue curve and either the red curve (in th ure clearly shows how the symbols at different antennas
case of eight phase sequences) or the cyan curve (in the cgs€re|ated. I the symbol labeled by A is selected at antenna
of only one phase sequence). These curves show that if wesdg, yransmission, then the symbol labeled A is also setecte
not have multiple phase sequences, the loss in capacitein i ;nienna 2. Noté that the two symbols are not the same.
worst case is significant at SNRs above -5dB irrespective ofOur aim is to design the permutations such that even in the

the constellation used. However, if we use 8 phase sequengRSe; case realization o, the capacity loss is minimized.
our scheme performs as well as the point-to-point case in forder to achieve this, it is necessary to design the per-

worst case. mutations on each antenna such that the average power seen
To summarize, this section presents results that show hatvthe receiver is independent of the channel realizatldns

we can design codes where the worst case capacity of dine conditions to be satisfied for the average power to be

scheme is equal to the achievable rates for the equivalémiependent oH are

single transmitter multiple receiver case. The results sfeow E[LI; + Q:Q;] =0

that increasing the number of phase sequences for our coding and B[1,Q;] — E[L;Q;] = 0 (3.2)

system quickly reaches a point of diminishing returns. How- I v

ever, the improvement in capacity before these diminishingOne way to satisfy (3.2) is when the compondtsQ);) are

returns is sufficient to justify the use of our scheme. Thie tapairwise uncorrelated witll;, Q;) for i # j. In other words,

will present simple extensions of this scheme to the muatipif the in-phase and quadrature components across antermas a

receive antenna case but we do not present it here for lackpairwise uncorrelated, the average power will be indepeinde

space. of H. One easy way to satisfy these conditons is to make use of



orthogonal Latin squares to construct the constellatidribea transmitted usingd. In this case, the worst case capacity is
two antennas. With orthogonal Latin squares, the compsneft9853 (loss of< 2%) and the phase averaged capacity is
will actually be pairwse independent which is a strong&.0347 (which is a gain of 0.5%).
condition than required. Using these constructs, we carecom While the results presented look very promising, the design
up with permutation designs for which the average receivgdoblem becomes more complicated in the case of more than
power is independent of the realization Hf two transmit antennas. This is because we need to consider
Although making thel and (Q components pairwise is permutations of the constellation at each antenna andlsearc
sufficient to satisfy the conditions in equation (3.2), inist a exhaustively for the worst case realization Hf for each
necessary condition. Hence, there are additional perinogat permutation and calculate its capacity. This is too cundrees
that satisfy (3.2) which cannot be derived from orthogon&b be done computationally but future research will attempt
Latin square constructs. For a small number of transmit amlgebraic solutions to this optimization problem whichrpise
tennas and small constellations, we can perform an exkaustk great improvement in capacity for thé transmitter case,
search to obtain the optimal permutation. In other cases, while maintaining low receiver complexity.
will have to use algebraic techniques similar to Latin sqaar
to get good solutions. REFERENCES
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