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ABSTRACT

In spatial modulation (SM), information bits are conveyed
through the index of the active transmit antenna in addition
to the information bits conveyed through conventional mod-
ulation symbols. In this paper, we propose a receiver for
large-scale multiuser spatial modulation MIMO (SM-MIMO)
systems. The proposed receiver exploits the channel harden-
ing phenomenon observed in large-dimensional MIMO chan-
nels. It works with a matched filtered system model. On
this system model, it obtains an estimate of the matched fil-
tered channel matrix (rather than the channel matrix itself)
and uses this estimate for detecting the data. The data detec-
tion is done using an approximate message passing algorithm.
The proposed receiver, referred to as the channel hardening-
exploiting message passing receiver for SM (CHEMP-SM), is
shown to achieve very good performance at low complexity.

Keywords — Large-scale MIMO systems, spatial modulation,
SM-MIMO, message passing, channel hardening.

1. INTRODUCTION

Large-scale MIMO systems with tens to hundreds of anten-
nas are becoming viable in practice [1]- [4]. More and more
research and development efforts are being directed towards
this promising area with a motivation to harness the theoreti-
cally predicted rate, reliability, and power efficiency benefits
of large-scale MIMO systems in practice. One of the key is-
sues in MIMO systems with a large number of antennas is the
need to have a large number of radio frequency (RF) chains.
This increases the hardware complexity, size, and cost. Spa-
tial modulation (SM) [5] is an interesting multi-antenna mod-
ulation scheme which can address this issue. In SM, the trans-
mitter will have multiple transmit antennas but only one trans-
mit RF chain. In a given channel use, only one antenna will
be active and the remaining antennas remain silent. The in-
dex of the active transmit antenna conveys information bits in
addition to the information bits conveyed through the modu-
lation symbol transmitted through the active antenna. In this
paper, we are interested in multiuser systems where tens of
users employing SM communicate with a base station hav-
ing tens to hundreds of antennas. We refer to this system as
large-scale multiuser SM-MIMO system.

One of the key issues in large-scale multiuser SM-MIMO
systems is the large-dimensional signal processing at the base

station receiver. Maximum-likelihood (ML) detection perfor-
mance of multiuser SM-MIMO for small number of users and
base station antennas is reported in [6]. Because of its expo-
nential complexity in the number of dimensions, ML detec-
tion is not possible in large-scale SM-MIMO systems. In [7],
low complexity algorithms based on local search and mes-
sage passing have been reported for large-scale SM-MIMO
systems. The works in [6], [7] have demonstrated that, for the
same spectral efficiency, multiuser SM-MIMO performs bet-
ter than conventional multiuser MIMO! under typical system
configurations.

In the context of low complexity receiver signal process-
ing in large dimensions, [8] has reported an efficient receiver
scheme for conventional multiuser MIMO systems. Since
this receiver exploited the channel hardening effect that oc-
curs in large-dimension MIMO channels, it is referred to as
‘channel-hardening-exploiting message passing (CHEMP)’
receiver. Two key aspects in the CHEMP receiver are: 1)
it works with a matched filtered system model instead of
the original system model, and 2) it estimated the matched
filtered channel matrix instead of the channel matrix itself.
The detection was based on approximate message passing.
The CHEMP receiver architecture is a promising architec-
ture in terms of both performance and complexity. So the
CHEMP receiver architecture is worth investigating in the
context of large-scale multiuser SM-MIMO. Our new contri-
bution in this paper is in this direction. We propose CHEMP
receiver for multiuser SM-MIMO and and study its perfor-
mance and complexity We refer to the proposed receiver as
CHEMP-SM receiver. Our simulation results show that 1)
the CHEMP-SM receiver achieves significantly better per-
formance than MMSE receiver at a lesser complexity than
the MMSE receiver, and 2) multiuser SM-MIMO achieves
better performance than conventional multiuser MIMO under
typical system configurations.

2. SYSTEM MODEL
Consider the multiuser SM-MIMO system on the uplink
shown in Fig. 1. The system consists of K uplink user ter-
minals transmitting to a base station (BS) having IV receive

ILarge-scale conventional multiuser MIMO systems with tens of users
and hundreds of base station antennas are referred to as ‘massive MIMO
systems’ in the recent literature.
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Fig. 1: Large-scale multiuser SM-MIMO system.

antennas. /N is in the order of tens to hundreds, and K is in
tens. The ratio « = K/N is defined as the system loading
factor. Each one of the K user terminals has n; transmit
antennas but only one transmit RF chain, and the information
transmitted by these K user terminals are spatially modu-
lated. That is, each user’s information bits are conveyed to
the BS in two parts: ) through the index of the transmitting
antenna, and 4¢) through a symbol from a modulation alpha-
bet A. Specifically, in each channel use, each user terminal
transmits a symbol from A through one of its n, transmit
antennas, and this transmit antenna is chosen based on an-
tenna index bits. The number of bits conveyed per channel
use per user through the modulation symbol is |log, |A|] and
that through the antenna index is |log, n; |. Hence, a total of
|log, |A]] 4 |logy ne] bits per channel use (bpcu) per user
is conveyed. For e.g., in a system with K = 10, n, = 2,
4-QAM, the system throughput is 30 bpcu.

The SM signal set, denoted by S,,, 4, is parameterized by
ng and A, and is given by
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For e.g., for n; = 2 and 4-QAM, S,,, 4 is given by
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Let x;, € Sy, a denote the spatially modulated signal vec-
tor of the kth user. Let
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denote the vector obtained by stacking the SM signal vectors
from all the K users. Note that x € S .

Let H € CV*X" denote the channel gain matrix, where
the entry H; (5_1)n,+; denotes the channel gain from the jth
transmit antenna of the kth user to the ith receive antenna at

the BS. The entries of H are assumed to be i.i.d. Gaussian
with zero mean and variance O’,%, such that ) & J,% = K. The
0% models the imbalance in the received power from user &
due to path loss etc., and 07 = 1 corresponds to the case of
perfect power control. Assuming perfect synchronization, the
signal received at the ¢th BS antenna is

K
Yi = ZﬁﬁlkHi,(k—l)n,,Hk + Ny, €]
=1

where z;, is the [;th symbol in A, transmitted by the jith
antenna of the kth user, and n; is the noise modeled as
CN(0,0?). The received signal at the BS antennas can be
written in vector form as

y =
where y = [yh Yz, yN]T andn = [nla ng, -+, TLN]
For the system model in (5), the maximum-likelihood (ML)
detection rule is given by

Hx + n, (®)]
T-

x = argmin ||y — Hx]?, (6)
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and the maximum a posteriori probability (MAP) decision
rule is given by

x = argmax Pr(x |y, H). @)
xeSffM
Note that, [S ,| = (JA[n;). So the exact computa-

tion of (6) and (7) requires exponential complexity in K. We
propose a low complexity message passing based SM signal
detection algorithm that exploits channel hardening.

Channel hardening in large-scale MIMO channels: Chan-
nel hardening refers to the phenomenon where, as n,. and n,
in a n, X ny; MIMO channel are increased keeping their ra-
tio fixed, the distribution of the singular values of the MIMO
channel matrix H becomes less sensitive to the actual distri-
bution of the entries of the channel matrix (as long as the en-
tries are i.i.d.) [9]- [11]. An effect of channel hardening is that
very tall or very wide channel matrices” are very well condi-
tioned. Another interesting result of channel hardening is that
as the dimensions of H increases, the off-diagonal terms of
the H” H matrix become increasingly weaker compared to
the diagonal terms, i.e., HH—H — I, for n,,n: — oo with
ng/n, = «. The receiver scheme we propose in the next
section, referred to as the CHEMP-SM receiver, exploits the
channel hardening phenomenon for efficient signal detection
and channel estimation in large-scale SM-MIMO systems.

3. CHEMP-SM RECEIVER

We refer to the detection algorithm proposed in this section as
‘CHEMP-SM detector’. We refer to the CHEMP-SM detec-
tor along with the channel estimator proposed in this section
as the ‘CHEMP-SM receiver’. We present the CHEMP-SM
detector and the channel estimator below.

2In practice, the channel matrix in a multiuser system with tens of single-

antenna users and hundreds of BS antennas will become a very tall matrix on
the uplink, and a very wide matrix on the downlink.



3.1. Proposed CHEMP-SM detector
First, perform a matched filter operation on the received sig-
nal vector y in (5) as H” y, which can be written as

HYy = HY (Hx +w). ®)

An equivalent system model corresponding to (8) can be writ-
ten as

z=Jx+v, ©)]
where
HY HYH HY
zé—W¥ JE——, v2 NW (10)

Similar to (3) in the original system model, the vector z in (9)
can be viewed as a concatenation of K sub-vectors each of
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dimension n; x 1,i.e.,z2 = (2] 25 ---2z; --- 2] . Like-
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is the jth element of v and Hj; is the (j,¢)th element of H.
For large IV, the v; can be approximated to be Gaussian with

A 2
zero mean and variance o2 = . Each sub-vector z; can be

expressed as
K

z; = Jiix; + Z Jijx; +vi, (1D
=1,

A

= 8i
where J;; is a n; X n; sub-matrix of J formed from the ele-
ments in rows (¢ — 1)n; + 1 to in; and columns (j — 1)n; + 1
to jny, i.e., J can be written in terms of the sub-matrices as

Jiu Jio Jix
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The vector g; defined in (11) denotes the interference-plus-
noise to the ith user’s signal, which involves the off-diagonal
elements of H;I,H (i.e., Jij, © # 7). By virtue of channel
hardening, the matrix J has strong diagonal elements for large
N, K, and so does J;; for all i. We approximate g; to have
a joint Gaussian distribution with mean p; and variance X,

which can be written as

K
w = E(g)= > JyE(x)) (12)
J=1j#i
K
Ei = Var(gz-) = Z JijVar(xj)Jg—i—a?}Im. (13)

J=1,j#i

Let p; denote the |A|n;-sized vector of probability masses
corresponding to SM signal vector x;. The entries of p; are

pl(s) =Pr (Xi = S), S € Snt,A-

Now, we have

E(x;) = Z sp;(s) (14)
Vs, S€Sn, A
Var(x;) = Z ssfp;i(s) — E(x,)E(x;)". (15)

Vs, S€Sn, A

The p;s are approximated with the corresponding a posteriori
probabilities (APP), i.e.,

pi(s) < Pr(x; = s|z;,J), (16)
where
Pr(x; = s|z;,J) o« exp (%1(21 — Jis — )27 (2 — Juis — Hi))-

Message passing: The multiuser SM-MIMO system is
modeled as a fully-connected graph with K nodes, where the
ith node is an approximate APP processor corresponding to
x;. The probability vectors p;s are initialized with equiproba-
ble masses. The ith node uses the knowledge of J, z; and the
incoming vector messages {pi, Pz, - ,Pi—1, Pi+1," " , PK }»
to compute p; as per (16), which also requires the computa-
tion of (12) and (13). We employ damping of messages to
improve the rate of convergence. At the end of the ¢th itera-
tion, the message is damped with a damping factor A € [0, 1).
Thus, if p is the computed probability vector at the ¢th itera-
tion, the message at the end of tth iteration is given by

p; = (1 - A)p| + Ap; . a7

(2

The message passing is carried out for a certain number of it-
erations, after which the algorithm stops. Now, an estimate of
the modulation symbol transmitted by the ¢th user is obtained

as
§; = argmax Z pi(s), (18)
sEA Vs, s€Sn, 4 X(s)=5s

where X (s) is the non-zero element in s. An estimate of the
antenna index chosen for transmission by the ith user is ob-
tained as

pi(s). 19)

¢; = argmax

a&{l,- ne} Vs, s€Sn, 4 : Z(s)=q

where Z(s) is the index of the non-zero element in s. The val-
ues of §; and ¢; are then demapped to obtain the information
bits of the ith user.

Complexity: The orders of complexity for the computa-
tion of z and J are O(N Kn;) and O(N K?n?), respectively.
The complexities for the computation of (12), (13) and (16)
are of orders O(n?K?), O(n3K?) and O(n? K|Sy, al), re-
spectively. Therefore, the overall complexity of the algorithm
is O(NK?n?). For large N and K, this complexity is less
than the complexity of MMSE detection. This is because
MMSE detection requires O(K3n3) for the inversion of a
Kn-sized matrix and O(N K?n?) for matrix multiplication.
This complexity advantage of the proposed message passing
based detection over MMSE detection is captured in Table 1.



Complexity in number of operations x 10°
K N =128 N = 256
MMSE | CHEMP-SM || MMSE | CHEMP-SM
(prop) (prop)
16 || 3.593 2.802 5.789 4.375
24 || 9.584 5.796 14.450 9.335
32 || 19.770 9.907 28.355 16.198

Table 1: Comparison between the complexities (in number of real operations) of
CHEMP-SM and MMSE detectors for n: = 4, 4-QAM, and different values of K, N.
Number of iterations in CHEMP-SM is 15.

3.2. Proposed channel estimator

As per (12),(13),(16), we see that knowledge of the channel
matrix H is needed to perform the detection operation. A
conventional approach is to directly estimate the channel ma-
trix H as H through channel estimation techniques (MMSE
channel estimation, for example) using pilot transmissions,
and use H# H in place of J in (12),(13),(16). We take a dif-
ferent approach, where we directly obtain an estimate of the
matrix J, instead of H. The motivation for this approach is
that H influences the proposed detection operation through
J = HPH (see the transformed system model (9), (10)).
Interestingly, this approach performs better compared to the
conventional approach. The proposed approach is described
below.

Assume that the channel is slowly fading, where the chan-
nel remains constant over one frame duration (which is taken
to be equal to the coherence time of the channel). The dura-
tion of a frame is L y channel uses. Each frame has a pilot part
and a data part. The pilot part consists of Kn, channel uses,
and the data part consists of L — Kn; channel uses.

Let X, = Alk,, denote the pilot matrix, where in the ith
channel use, 1 < ¢ < Kny, [nit]th user terminal transmits
a pilot through its antenna whose index is given by ((i — 1)
mod nt) + 1, with amplitude A and the other user terminals
are scheduled to remain silent. The signal received at the BS
during pilot phase is given by

Y, = HX,+W, = AH+W,, (20)

where A = /K I,, I, is the average symbol energy, and W,
is the noise matrix. An estimate of the matrix J is obtained as

~ YTy 2

J = ]\‘;A;’ - %IKW @1
An estimate of the vector z is obtained as
YpT y
NA~
These estimates J and Z in (21) and 22) are used in the pro-
posed detection algorithm in place of J and z.

Z

(22)

4. SIMULATION RESULTS

In this section, we present the BER performance of large-
scale multiuser SM-MIMO systems using the proposed
CHEMP-SM receiver.
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Fig. 2: (a) BER performance of multiuser SM-MIMO and conventional MU-MIMO
for K = 16, N = 64, 128, 4 bpcu per user, and perfect CSI. (b) Average SNR
required in CHEMP-SM and MMSE detectors to achieve 10~ BER as a function of
loading factor (K'/N) in multiuser SM-MIMO with N = 128, n; = 2,4, n,y = 1,
4-QAM, 3 and 4 bpcu per user, and perfect CSI.

CHEMP-SM detector performance: In Fig. 2(a), we
present the performance of the proposed CHEMP-SM de-
tector at a spectral efficiency of 4 bpcu per user, K = 16,
N = 64,128, assuming perfect CSI. Figure 2(a) compares the
performance of multiuser SM-MIMO with n; = 4, n,.y = 1,
4-QAM and CHEMP-SM detector, with that of conventional
MU-MIMO with n; = 1, n,y = 1, 16-QAM and sphere
(ML) decoding. Note that, under this setting, both multiuser
SM-MIMO and conventional MU-MIMO have a spectral ef-
ficiency of 4 bpcu per user. From Fig. 2(a), it can be seen that
multiuser SM-MIMO outperforms conventional MU-MIMO
by about 5 to 6 dB at 10~3 BER. This is because, for achiev-
ing the same spectral efficiency, multiuser SM-MIMO can
use a smaller-sized QAM (4-QAM in this setting) compared
to that used in conventional MU-MIMO (16-QAM in this
setting), and a small-sized QAM is more power efficient than
a larger-sized one. Figure 2(a) also shows comparisons be-
tween the performance of CHEMP-SM detector and MMSE
detector in multiuser SM-MIMO. It can be seen that CHEMP-
SM detector outperforms MMSE detector by about 2 to 7 dB
at 1073 BER. This performance advantage of CHEMP-SM
detector over MMSE detector is very attractive given that
CHEMP-SM detector has a lesser complexity than MMSE
detector as shown in Table 1.

Figure 2(b) shows the performance of CHEMP-SM de-
tector and MMSE detector as a function of the loading factor
a = K/N,for N =128, ny = 2,4, n,.y = 1, 4-QAM, 3 and
4 bpcu per user, assuming perfect CSI. It plots the average
SNR required to achieve a target BER of 10~2 as a function
of a. In this figure also, we can see that CHEMP-SM de-
tector performs better than MMSE detector. For example, at
a loading factor of a = 0.25, the CHEMP-SM detector re-
quires about 8 dB less SNR compared to MMSE detector at a
spectral efficiency of 4 bpcu per user.
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Fig. 3: Performance comparison between CHEMP-SM receiver and MMSE receiver
in multiuser SM-MIMO with N = 128, ny = 4, n,y = 1, 4-QAM, 4 bpcu per user,
and estimated CSI.
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Fig. 4: BER performance of multiuser SM-MIMO (with n; = 4,7n,; = 1) and
conventional MU-MIMO (with ny = n, = 1,2,4) for K = 16, N = 128, 4 bpcu
per user, and perfect CSI.

The effect of increase in number of spatial streams per
user in conventional MU MIMO for the same spectral effi-
ciency on the performance is illustrated in Fig. 4 for K = 16
and N = 128. In Fig. 4, we compare the performance of
the following four systems with the same spectral efficiency
of 4 bpcu per user: SM-MIMO with (n; = 4, n,y = 1, 4-
QAM), and conventional MU MIMO with (n; = 1, n,.y = 1,
16-QAM), (ny = 2, nyy = 2, 4-QAM), (ny = 4, nyp = 4,
BPSK). It can be seen that among the four systems considered
in Fig. 4, SM-MIMO performs the best. This is because con-
ventional MU MIMO loses performance because of higher-
order QAM or increased spatial interference from increased
number of spatial streams per user.

CHEMP-SM receiver performance: In Figs. 3(a) and
3(b), we present the performance of the proposed CHEMP-
SM receiver (i.e., CHEMP-SM detector using the proposed
channel estimator). These figures also show comparisons
between CHEMP-SM receiver performance and MMSE re-
ceiver performance. Here, MMSE receiver refers to MMSE
detector using MMSE channel estimate. Figure 3(a) shows

the BER vs SNR plots for CHEMP-SM receiver and MMSE
receiver for N = 64,128, K = 16, ny = 4, nyy = 1, 4-
QAM, 4 bpcu per user. It can be seen that the CHEMP-SM
receiver performs better than the MMSE receiver. For ex-
ample, to achieve 103 BER, CHEMP-SM receiver requires
2 dB and 8 dB less SNR compared to MMSE receiver for
N = 128 and N = 64, respectively. Figure 3(b) shows the
performance comparison (average SNR required to achieve
1073 BER vs a) between CHEMP-SM receiver and MMSE
receiver as a function of loading factor a. It is seen that
CHEMP-SM receiver’s performance gets increasingly better
compared to that of MMSE receiver for increasing o.

5. CONCLUSIONS

We proposed a novel receiver scheme suited for signal detec-
tion and channel estimation in large-scale multiuser MIMO
systems, where tens of user terminals transmit using spatial
modulation and the base station receives them through tens to
hundreds of receive antennas. The detection is based on ap-
proximate message passing. Both detection and channel esti-
mation operated on a matched filtered system model, and they
exploited the channel hardening effect that occurs in large
MIMO channels. The performance and complexity of the
proposed receiver was shown to be attractive compared to the
MMSE receiver.
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