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Abstract—High spatial correlation in line-of-sight multiple-
input multiple-output (LOS MIMO) channels in mmWave com-
munication is a cause for the channel matrices to have low rank.
However, with proper placement of the transmit and receive
antennas, the channel matrix can be made full/high rank. While
optimum placements for full rank can be realized with uniform
linear arrays (ULA), this may not be the case with uniform
circular arrays (UCA). This motivates the need to investigate
efficient signaling schemes for LOS MIMO schemes for different
array configurations. Accordingly, in this work, we study various
signaling schemes including spatial multiplexing (SMP), spatial
modulation (SM), and generalized spatial modulation (GSM)
in the context of both ULA and UCA. Our analytical and
simulation results show that GSM achieves better performance
compared to SMP and SM. We also propose a new signaling
scheme, termed as subarray index modulation (SAIM) scheme,
where groups of antennas in the array (subarrays) are indexed
to convey information bits and each antenna within an activated
subarray carries an independent modulation symbol. It is found
that the proposed SAIM scheme can achieve better performance
compared to SMP, SM, and GSM schemes.
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circular array, spatial modulation, subarray index modulation.

I. INTRODUCTION

The demand for high data rates, availability of 7 GHz of
unlicensed spectrum around 60 GHz, and rapid advancement
of low cost CMOS millimeter wave (mmWave) integrated cir-
cuits have motivated the design of wireless links that operate
in the mmWave frequencies [1]. The mmWave propagation in
typical indoor/outdoor environments is dominated by the line-
of-sight component. Also, the small wavelengths in mmWave
transmissions allow the use of a large number of antenna
elements in a given aperture, leading to the feasibility of
designing line-of-sight multiple-input multiple output (LOS
MIMO) systems. An issue in such systems is the high spatial
correlation in the LOS MIMO channels that can result in
low rank channel matrices. However, it has been shown
that through proper placement of the transmit and receive
antennas, the rank of the channel can be increased [2],
[3]. In particular, in uniform linear arrays (ULA), optimum
placement of antennas can result in the channel matrix being
orthogonal [3]. However, in uniform circular arrays (UCA),
optimum placement can result in orthogonal channel matrix
only for arrays with 3 or 4 antennas [4].

Spatial multiplexing (SMP) and beamforming (BF) are
popular signaling approaches in LOS MIMO systems [6], [7].
Another attractive signaling approach for LOS MIMO systems
is spatial modulation (SM) [8]. The basic version of SM uses
only one radio frequency (RF) chain and multiple antennas
at the transmitter. Only one antenna is activated at a time,
and a modulation symbol is sent on the activated antenna.
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The choice of the antenna to be activated is made based
on additional information bits. A more generalized version,
called generalized SM (GSM), uses more than one RF chain
and activates multiple antennas simultaneously. Independent
symbols are sent simultaneously on the activated antennas,
and the choice of the active antennas is made based on
additional information bits [9]. Recent works in [10], [11],
[12] have investigated space shift keying (SSK, which is a
special case of SM), SM, and GSM in LOS MIMO. These
works, however, consider only ULA. Given that placement
which achieves orthogonality of channel matrix for more
than four antennas is infeasible in UCA [4], it becomes
important to investigate efficient signaling schemes for UCA.
Accordingly, our first contribution in this paper is to study the
performance of SM based signaling techniques in the context
of both ULA and UCA in comparison with conventional
SMP. We derive analytical upper bounds on the bit error rate
(BER) performance of these signaling schemes in LOS MIMO
systems. Analytical and simulation results are found to closely
match at moderate-to-high SNRs. Numerical results show that
GSM can achieve better performance compared to SMP and
SM in ULA as well as UCA. Our second contribution in
this paper is that we propose a new signaling scheme that
groups antennas into subarrays and exploits indexing of these
subarrays to convey additional information bits, while each
antenna within a subarray sends an independent modulation
symbol. We call this proposed scheme as subarray index
modulation (SAIM). Numerical results show that the proposed
SAIM scheme can outperform SMP, SM, and GSM schemes.

II. LOS MIMO SYSTEM MODEL

Consider an LOS MIMO system with [NV; and N, antennas
at the transmitter and receiver arrays, respectively. We con-
sider uniform linear and circular arrays (ULA and UCA). Let
H denote the N,. x Ny LOS MIMO channel matrix. Assuming
perfect synchronization, the N, x 1 received signal vector at
the receiver is given by

y = Hx +n, (1)

where y € CN" is the received signal vector, H € CNr*Ni g
the channel matrix, x € C™V* is the transmitted signal vector,
and n ~ CN(0,0°I) is the additive white Gaussian noise
vector. The entry in the ith row and jth column of H, denoted
by h;j, is the gain of the LOS path between the jth transmit
antenna and ¢th receive antenna. Let D denote the distance
between the transmit and receive arrays, and d;; denote the
LOS path length between the jth transmit antenna and :th
receive antenna. Then, by Friis transmission equation, h;; can
be written as [10]
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Fig. 1. LOS MIMO system with uniform linear arrays.

where k = 2=

> A is the wavelength, and the approximation is
because of the very small relative path loss differences. So H
is deterministic and it depends only on the distances between

the transmit and receive antennas and the wavelength.
A. Condition number of H in ULA

An LOS MIMO system with ULA at the transmitter and
receiver is shown in Fig. 1. The inter-antenna spacing at the
transmitter and receiver are denoted by s; and ss, respectively.
The rank of the channel matrix H depends on the parameters
s1, S2, D, and A. High rank can be achieved through proper
choice of these parameters (i.e., through proper placement of
the antennas). The matrix H can be full rank if the condition

(h;, hy) = 0,Vi # j 3)

is satisfied, where h; denotes the ith column of H. It has been
shown that the optimum placement that satisfies the above
condition for ULA satisfies the following relation [3]:

(2n+1)DA
N, ’

For placements satisfying (4), H becomes orthogonal, i.e., all
the singular values are equal and the condition number is one.
Figure 2 shows the condition number of H as a function of
antenna spacing s, where we have taken s; = sy = s, for
Ny = N, = 4,8 at 60 GHz and D = 3m. It can be seen that
condition number one is achieved at optimum spacings.
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Fig. 2. Condition number of H versus antenna spacing (s1 = s2 = s) for
4 x 4 and 8 x 8 ULA at 60 GHz and D = 3m

B. Condition number of H in UCA

Circular array is another practically useful array configura-
tion. A uniform circular array has antenna elements placed in
a circular arrangement with uniform angular separation. An
LOS MIMO system with UCA at the transmitter and receiver
is shown in Fig. 3. The radii of the transmit and receive
antenna arrays are assumed to be the same, denoted by r. The
distance between transmit and receive arrays is denoted by D.
The angular separation between antenna elements will be 12\,—7:
and ]2\,—” for the transmit and receive arrays, respectively. The
distance between the jth transmit and 7th receive antennas is
denoted by d;;.

Note that UCA with N; = N, = 2 can be viewed to be the
same as ULA with N; = N, = 2. It has been shown in [4]

Fig. 3. LOS MIMO system with uniform circular arrays.

that for N; = N,. = 3,4, the r which satisfies the condition
in (3) is given by

AD

2N sin®(0/2)’ ®)

where N = N; = N, and 0 = %" Whereas, the full rank
condition is not satisfied for N > 4 [4], and therefore the
condition number will be grater than one for N > 4. These are
illustrated in Fig. 4. It can be seen that while condition number
one is achieved in UCA with Ny = N, = 4 at optimum 7,
it is not the case for N; = N, = 8. Indeed, the condition
number is greater than one for all » making the 8 x 8 UCA
to have non-zero spatial correlation even for the best r that
achieves the minimum condition number. This then motivates
the need to assess the efficacy of different signaling schemes
for different array configurations in LOS MIMO. In the next
sections, we study MIMO signaling schemes in the context
of both ULA and UCA and propose new signaling schemes.
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Fig. 4. Condition number H versus antenna array radius r for 4 x 4 and
8 x 8 UCA at 60 GHz and D = 3m.

III. SMP, SM, GSM SIGNALING IN ULA AND UCA

We consider the following signaling schemes in LOS
MIMO with ULA and UCA: i) SMP, ii) SM, and 4ii) GSM.

i) SMP: SMP uses N, antennas and N; RF chains at the
transmitter. All the antennas are activated simultaneously in a
given channel use. V; symbols from a modulation alphabet A
are transmitted in a channel use. So the transmission efficiency
in SMP is 7smp = Ny log, |A| bits per channel use (bpcu).

1) SM: SM also uses N; antennas but only one RF chain
at the transmitter. It uses one among the N; antennas to
transmit in a given channel use. The antenna to transmit is
chosen based on log, N; information bits. The chosen antenna
transmits a symbol from a modulation alphabet A. So the
transmission efficiency in SM is 7y, = logy Ny + log, |A|
bpcu. Let x € Sy, a denote the IV; x 1 transmitted signal
vector belonging to the SM signal set Sy, a. Then, x will
have an |A|-ary modulation symbol in one of the coordinates
and zeros in all other coordinates. The SM signal set for an
Ny transmit antenna system can be written as

SNt,A:{Xj7l:j:17"'7Ntal:17"'7|A|}7
st x;;,=[0,---,0, a ,0,---,0", 7, €A (6)
~

jth coordinate



i11) GSM: GSM uses N; antennas and N, ¢, 1 < N,y < Ny,
RF chains at the transmitter. V,.y out of IV; transmit antennas
are chosen in a channel use based on |log, ( ]\I;i ’j)J information
bits, and V,.; independent symbols from a modulation alpha-
bet A are sent on these selected antennas [9]. The remaining
N, — N, antennas remain silent (i.e., they can be viewed as
transmitting the symbol 0). So the transmission efficiency of
GSM is given by njgsm = |log, (]\j,\ff)J +N,slog, |A| bpcu. An
antenna activation pattern (AAP) 1s an N;-length vector that

indicates which antennas are active. There are L = ( zytf)
.

N N
AAPs possible and 2L]Og2 (Nrtf )] among them are adequate
for signaling. These patterns form a set called the AAP set,
denoted by U. The GSM signal set, Sx:f 4> can be written as

Nyy N
Syl = {xlx € A", |Ix[lo = Ny, t* €U}, (D)

where Ag = A U0, |x|lo denotes the number of non-zero
entries in x, and t* denotes the AAP vector corresponding to
x, where ¢¥ = 1 iff z; #0,Vj#1,2,--+ , Ng.

A. BER performance analysis

Here, we derive an upper bound on the BER performance
of maximum likelihood (ML) detection for SMP, SM, and
GSM. The ML detection rule for the considered LOS MIMO
system model is given by

X = argmin [ly — Hx||?, (8)
xES
where S denotes the signal set of interest (i.e., one of SMP,
SM, GSM signal sets).

Upper bound on BER: The ML detection rule in (8) can be

written as
% = argmin (||Hx|*> — 2y" Hx) . )
xES

Assuming that H is known at the receiver, the pairwise error
probability (PEP) that the receiver decides in favor of the
signal vector xo when x; was transmitted can be written as

PEP = PEP(x; — xo/H)
= P2y H(xz —x1) > (|[Hx2[* - [Hx,[*))
P (2n"H(xo — x1) > |[H(x2 — x1)[|?) . (10)

Define g £ 2n"H(xy — x;). It can be seen that g is a Gaus-
sian r. v. with mean zero and variance 202||H(x — x1)|%
Therefore, we can write

(1)

PEP =Q (”H(X2—X1)||> ’

V2o

_42
where Q(r) = —= [.° e7= dt. Defining K £ |S|, an upper
bound on the BER for ML detection can be obtained using
union bound as

K K
1
BER < nT(Z > du(xi,%;)PEP(x; — x,[H)

i=1 j=1,j#i
1 & o IH(x; —x;)|
= TR 2. dntix)Q (ﬂa]),(lz)

i=1j=1j#i
where dp(x;,%;) is the Hamming distance between the bit

mappings corresponding to the vectors x; and x;, and 7) is the
transmission efficiency of the signaling scheme of interest.
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Fig. 5. BER of SMP, SM, and GSM in LOS MIMO systems with ULA
operating at 60 GHz with Ny = N, =8, D = 3m, s = 43.3mm, 8 bpcu.

B. Results and discussion

Here we present the analytical and simulation results of the
BER performance of SMP, SM, and GSM for ULA and UCA.

1) SMP, SM, GSM performance with ULA: In Fig. 5, we
plot the BER of SMP, SM, and GSM with 8 bpcu for ULA.
In all the three systems, the antennas are placed such that
the resulting channel matrix has a condition number equal to
one. From Fig. 2, the smallest spacing between the antenna
elements for which a channel matrix with condition number
one is achieved is 43.3mm. The BER performance is studied
with this spacing. All the three schemes use 8 Tx and 8 Rx
antennas. SMP uses BPSK, SM uses 32-QAM, and GSM uses
4-QAM and N,y = 2. Analytical bounds are found be tight
at moderate-to-high SNRs. Also, from the plots, we see that
GSM has a better performance compared to SMP and SM.
The reason can be explained as follows. In SMP, all the N,
antennas transmit symbols and hence there exists interference
among the data streams. Interference of symbols transmitted
from different antennas does not exist in SM as only one
transmit antenna is active in a given channel use. However,
for a given number of antennas, SM requires to use a higher-
order QAM to achieve higher spectral efficiencies. This will
degrade the performance of SM. In this case, SM requires
32-QAM to achieve 8 bpcu. Hence the performance of SM
degrades. GSM uses fewer RF chains compared to SMP. This
has the advantage of lesser interference in GSM. Also, since
more information bits are conveyed through antenna indexing,
GSM requires a smaller QAM size compared to SM. Hence,
GSM outperforms both SMP and SM.

2) SMP, SM, GSM performance with UCA: In Fig. 6, we
plot the BER of SMP, SM, and GSM with 8 bpcu for UCA,
for the same configuration described above for ULA. In all
the three systems, the array radius is such that the resulting
channel matrix has minimum condition number. A condition
number less than 10 is acceptable in practice [13]. From Fig.
4, the smallest array radius for which a channel matrix with
a condition number less than 10 is achieved is 72.89mm.
The BER performance for UCA is studied with this radius.
In Fig. 6, the analytical bounds are found to be tight at
moderate-to-high SNRs. We observe that here also GSM has
a better performance compared to SMP and SM. Note that
GSM achieves this better performance with only 2 RF chains
compared to 8 RF chains in SMP. The improvement in the
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Fig. 6. BER of SMP, SM, and GSM in LOS MIMO systems with UCA
operating at 60 GHz with Ny = N, =8, D = 3m, r = 72.89mm, 8 bpcu.
performance of GSM over the performance of SMP is small
compared to that in ULA. The reason can be explained as
follows. In a UCA with 8 Tx and 8 Rx antennas, even with
a best possible radius, the condition number of the channel
matrix is not equal to one. Hence, there exists correlation
between the MIMO subchannels. The index bits degrade when
the channel is correlated. Hence the performance of GSM
shows a smaller improvement compared to the performance
of SMP. This can be alleviated using the subarray indexing
scheme we propose in the following section.

IV. PROPOSED SUBARRAY INDEX MODULATION

In the proposed SAIM scheme, the transmit antenna array
with V; antennas is divided into Ny subarrays, each subarray
consisting of N, = % antennas. The SAIM transmitter is
shown in Fig. 7. In a given channel use, k subarrays out
of N, subarrays are chosen based on |log, ('}*)] bits. The
chosen subarrays are activated and each antenna in the acti-
vated subarrays carries an independent modulation symbol.
The antennas in the remaining N, — k subarrays remain
silent. So, in a channel use, kN, antennas transmit symbols
simultaneously from a modulation alphabet A. Therefore,
the transmission efficiency of SAIM is given by 7uim =
|logsy (Nk)j +kN, log, |A| bpcu. A subarray activation pattern
(SAP) is an Ng-length vector that indicates which subarrays
are active such that the ith element in the vector is a 1 if the

ith subarray is activated and 0 otherwise. There are ('}*) SAPs
Ng
possible out of which glozs (%)) gre adequate for signaling.

These patterns form a set called the SAP set, denoted by P.
The SAIM signal set, S’]‘Q“ N,,a» can then be written as

k _ . N _ 1T T T 1T
SN, NoA = {x:xe Ay, x=1[s1,85, - ,spy.]

[x[lo = kN,, s; € ANe if ¥ =1,

s;€0Neif tX=0,i=1,---,N,}, (13)
where Ag £ A U0, ||x||o denotes the number of non-zero
entries in x, s; denotes the symbol vector corresponding to
the ith subarray, t* € P is the SAP vector corresponding
to the transmit vector x, ||t*||o = k, and ¢* denotes the ith
element of t*.

Example: Consider Ny =4, Ny, =2, N, =2, k=1, and
BPSK. For this setting, 7sxim = logs 2 + 2log, 2 = 3 bpcu.
The SAP vector set P is given by P = {[1 0], [0 1]7}, and
the SAIM signal set is given by
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The ML detection rule for SAIM in the considered LOS
system model is given by

%X = argmin |y - Hx|>
xESl]f\’,t’NSA

(14)

A. Results and discussions

In this subsection, we present BER performance compar-
isons between the proposed SAIM scheme and other mod-
ulation schemes. In Fig. 8, we plot the BER of SMP, SM,
GSM, and SAIM with 8 bpcu and UCA for the same settings
described in Sec. III-B2. In SAIM, N; = 8 Tx antennas are
divided into Ny = 4 subarrays each having N, = 2 antennas.
One out of the 4 subarrays (i.e., K = 1) is chosen and 8-QAM
symbols are sent on the antennas in the chosen subarray. As
in Sec. III-B2, the UCA radius is set at 72.89mm.

From the plots in Fig. 8, we see that SAIM and GSM
perform better than SMP and SM. Also, GSM performs better
at low SNRs and SAIM performs better at moderate-to-high
SNRs. This performance crossover between SAIM and GSM
can be explained by taking a look at 1) the contribution of
index bit errors and QAM bit errors to the overall BER, and
2) the normalized minimum Euclidean distance between any
two vectors Hx; and Hxy (dy,in,1). For this purpose, in
Fig. 9, we individually plot the simulated index BER, QAM
BER, and overall BER of SAIM and GSM for the LOS
MIMO system setting in Fig. 8. We see in Fig. 9 that the
overall BER in SAIM is dominated by the poor performance
of QAM BER (because of 8-QAM) though its index BER
is good. Since GSM uses only 4-QAM, its QAM BER and
overall BER are better than those of SAIM at low SNRs.
This explains the better performance of GSM at low SNRs.
At high SNRs, however, the performance is determined by
the dyin,1. For the considered system setting, SAIM has a
larger dyin, 1 value of 0.4471 compared to the GSM dpyin 1
value of 0.3921. This better minimum distance makes SAIM
to perform better than GSM in moderate-to-high SNRs.

Next, in Fig. 10, we present a performance comparison
between SAIM and GSM for 8 x 8 UCA with 10 bpcu. While
SAIM uses N; =8, Ny =4, N, =2, k=1, kN, = 2, and
16-QAM to achieve 10 bpcu, GSM uses Ny = 8, N,y = 2,
and 8-QAM to achieve the same bpcu. Another performance
comparison is presented in Fig. 11 for 6 x 6 UCA with
r = 68.59mm and 7 bpcu. In Fig. 11 SAIM uses N; = 6,
Ny =2, N, =3, k=1, kN, = 3, and 4-QAM to achieve
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Fig. 9. Plots of index bits BER, QAM bits BER, and overall BER of GSM
and SAIM for the LOS MIMO system in Fig. 8.

7 bpcu, and GSM uses N; = 6, N,y = 3, and BPSK to
achieve the same bpcu. From Figs. 10 and 11, we observe
that the proposed SAIM achieves better d,,;n,;r and BER
performance compared to GSM. The above results indicate
that the proposed SAIM approach provides an efficient and
flexible way to map bits through subarray indexing which
can achieve good signal distance properties and performance
in mmWave LOS MIMO systems.

V. CONCLUSIONS

We investigated spatial modulation (SM) based techniques
in the context of mmWave LOS MIMO systems. SM based
signaling schemes are attractive for mmWave LOS MIMO
communication as they can use fewer transmit RF chains that
can lead to reduced hardware complexity and cost. We first
studied SMP, SM, and GSM signaling schemes in the context
of both ULA and UCA. Efficient signaling schemes for UCA
is important because of the infeasibility of full rank antenna
placements for UCA. Analytical BER upper bounds were
shown to closely match the simulation results at moderate-to-
high SNRs. Numerical results showed that GSM can achieve
better performance compared to SMP and SM in ULA and
UCA. We then proposed a new signaling scheme called SAIM
(subarray index modulation) which exploited spatial indexing
across subarrays and multiple symbol transmissions within
subarrays. Numerical results showed that the proposed SAIM
scheme can outperform SMP, SM, and GSM schemes.
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