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Quadrature Spatial Modulation for 5G
Outdoor Millimeter—Wave Communications:
Capacity Analysis

Abdelhamid Younis, Nagla Abuzgaia, Raed Mesleh and Harald Haas

Abstract—Capacity analysis for millimeter-wave (mmWave)
quadrature spatial modulation (QSM) multiple-input multiple-
output (MIMO) system is presented in this paper. QSM is a
new MIMO technique proposed to enhance the performance
of conventional spatial modulation (SM) while retaining almost
all its inherent advantages. Furthermore, mmWave utilizes a
wide-bandwidth spectrum and is a very promising candidate
for future wireless systems. Detailed and novel analysis of the
mutual information and the achievable capacity for mmWave-
QSM system using a 3D statistical channel model for outdoor
mmWave communications are presented in this study. Monte
Carlo simulation results are provided to corroborate derived
formulas. Obtained results reveal that the 3D mmWave channel
model can be closely approximated by a log-normal fading
channel. The conditions under which capacity can be achieved
are derived and discussed. It is shown that the capacity of QSM
system can be achieved, by carefully designing the constellation
symbols for each specific channel model.

Index Terms—Quadrature Spatial Modulation
Millimeter-Wave (mmWave), Capacity Analysis.

(QSM),

I. INTRODUCTION

Millimeter—-wave communication offers a plentiful fre-
quency spectrum, ranging from 30 — 300 GHz, that can be
exploited to achieve multigigabits per second data rates [1—
3]. For example the E-band at 70/80GHz offers 1 Gb/s up
to 10 Gb/s for typical distances of 3 km with an available
worldwide low cost license [4]. Moreover, it has been shown
in [4-7] that wave propagation at E-band has negligible at-
mospheric attenuation (less than 0.5 dB/km), and is unaffected
by dust, snow, and any other channel deterioration. Although
heavy rain is shown to significantly impact the performance
of E-band mmWave systems. However, heavy rain usually
occurs in limited part of the world [8] and the radio link
can be designed to overcome the attenuation resulted from
heavy rain [4]. Several recent standards have been developed
based on mmWave technology including mmWave WPAN
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(IEEE 802.15.3¢-2009) [9], WiGig (IEEE 802.11ad) [10], and
WirelessHD [11].

Multiple-Input Multiple-Output (MIMO) systems are one
of the most promising technical advances in wireless com-
munications in recent years. Such systems facilitate high—
throughput transmission in various recent standards includ-
ing LTE, WIMAX, and others [12,13]. Hence, combining
mmWave with MIMO systems promises significant boost in
the overall achievable data rate to support future generations of
broadband wireless communication technologies such as 5G
and beyond.

Space Modulation Techniques (SMT) [14, 15], such as spa-
tial modulation (SM) [16, 17], differential spatial modulation
(DSM) [18-20], generalized spatial modulation (GSM) [21,
22], and quadrature spatial modulation (QSM) [23,24], are
hybrid MIMO and digital modulation techniques that uses
the multiple antennas at the transmitter in a unique way to
achieve spatial multiplexing gains. The index of the transmit—
antennas represent spatial constellation points that are used to
carry additional information bits. QSM is an SMT technique
reported recently aiming at overcoming a major criticism of
SM [25] and space shift keying (SSK) [26], where data rate
enhancement is proportional to the base—two logarithm of the
number of transmit antennas. In QSM the spatial symbols
are expanded to in—phase and quadrature components. One
component transmits the real part of a constellation symbol
and the other one transmits the imaginary part of the
constellation symbol [24,27]. In conventional SM, the two
parts are transmitted from single transmit antenna to avoid
inter—channel interference (ICI) at the receiver input [16].
However and as shown in [24], QSM system avoids ICI
as well, since the two transmitted data are orthogonal and
modulated on the real part and the imaginary part of the carrier
signal. At the same time, an additional base—-two logarithm of
the number of transmit antennas bits can be transmitted in
QSM as compared to conventional SM system.

The QSM idea and its performance over Rayleigh fading
channel are presented in [24] and the impact of imper-
fect channel knowledge at the receiver is studied in [27].
QSM performance over Nakagami-m fading channel is stud-
ied in [28]. Also, the expansion of sub-carrier index modu-
lation OFDM system using QSM idea is presented in [29].

Capacity analysis of SM and SSK systems has been con-
sidered in previous literature [30-35]. In all previous studies
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when obtaining the capacity, only the constellation symbols

are considered in the maximization of the mutual information.

However, in space modulation techniques both spatial symbols

and constellation symbols carry information [36]. Thus, the

maximization of the mutual information must be carried over
both spatial symbols and constellation symbols. In this paper,
the capacity of QSM system over 3D mmWave outdoor chan-
nel is studied, and the capacity is derived by maximizing the
mutual information over both spatial symbols and constellation
symbols. Obtained results reveal that QSM can achieve the
channel capacity, even though QSM has only one data stream.
This is unlike spatial multiplexing systems where the number
of independent data streams required to achieve the capacity
should equal the minimum number among transmit and re-
ceive antennas [37]. Furthermore, it is concluded in earlier
publications [30-35] that space modulation systems capacity
depends on the channel type and can be achieved if the signal
constellation follows a complex Gaussian distribution, similar
to conventional MIMO systems [38]. However, it is shown
in this article that QSM capacity in particular, and space
modulated systems in general, can be achieved with proper
design of the constellation symbols for the specific nature
of the fading channel statistics; such that the resultant of the

constellation symbols passing through the channel follows a

complex normal distribution.

The use of mmWave MIMO technologies require careful de-
sign of propagation characteristics of radio signals. mmWave
signals propagate in line of sight (LOS) environment and do
not penetrate solid materials very well. Previous studies on
mmWave outdoor channel modeling proved that the channel
can be safely modeled as LOS or near LOS links [39-44].
Recently, the performance of SSK system over LOS mmWave
channel is presented [45]. The pioneering work of the NYU
Wireless Lab aims at 3D modeling of the mmWave channel [2,
3,46-48]. The proposed 3D channel models are comprehen-
sive and fits the conducted measurements. As such, the 3D
mmWave channel model proposed in [3] is adopted in this
study and detailed and novel capacity analysis of mmWave
QSM MIMO system are reported.

Furthermore, the 3D channel model is fitted to a log—normal
fading channel with uniform phase distribution. Using capacity
and average bit error ratio (ABER) analysis, it is revealed that
a log—normal fading channel can closely approximate the 3D
mmWave channel model.

In summary and with reference to existing literature, the
main contributions of this paper are four folds:

1- Capacity analysis for mmWave—QSM system is discussed
and analyzed;

2- System parameters required to achieve capacity are inves-
tigated and discussed;

3- Detailed analytical and simulation results over 3D statisti-
cal channel model for mmWave outdoor mobile communi-
cations are provided and interpreted;

4- A log-normal fading channel is shown to closely approx-
imate the 3D statistical mmWave channel model.

The remainder of this paper is organized as follows: In Sec-
tion II, the QSM modulator, the channel model, and the
maximum-likelihood (ML)-optimum receiver are discussed.

The capacity of QSM over the 3D mmWave channel model
is analyzed and derived in Section III. Finally, the results
are presented in Section IV, and the paper is concluded in
Section V.

II. SYSTEM AND CHANNEL MODELS

A. OSM Modulator

In QSM systems, a block of 7-bits (n = log, (MN?)) is
transmitted at each particular time instant, where M is the size
of the constellation diagram, and NV, is the number of transmit
antennas. The incoming data bits are divided into three groups
according to the following rules [24],

o The first group, containing log, (M) bits are used to
modulate a symbol s, € S, where S is an M di-
mensional vector containing all possible constellation
symbols. Without loss of generality, quadrature amplitude
modulation (QAM) is considered in this paper.

o The other two groups, each containing log,(/NV¢) bits,
are used to determine which two transmit antennas to
activate. The first log, (V) bits determine the index ¢®
of the antenna to transmit the real part of the symbol
54, (s7). The last log,(N;) bits determine the index ¢®
of the transmit antenna to transmit the imaginary part of
the symbol s,, (siR).

Note, the spatial symbol is H; = [h=,hys], and the con-
stellation symbol is S, = [s); 5], where h; denotes the (™
vector of H, and H is the N, x N; MIMO channel matrix,
with IV, being the number of receive antennas.

To further illustrate the principle working mechanism of
QSM, an example is given in what follows. Assume a MIMO
system with N; = 4 and 4—QAM modulation is considered.
The number of data bits that can be transmitted at one

particular time instant is 7 = log,(N?M) = 6 bits. Let

the incoming databitsbe k= | 1 1 0 1 1 1 |.The

—— NN
log, (M)log, (N¢)log, (Nt)
first log,(M) bits [ 1 1 |, modulate a 4—QAM symbol,
s, = +1 — j, where j is the imaginary unit, j = /—1.
The symbol s, is then divided into real and imaginary parts,
s® = 41 and s = —j. The next logy(NNy) bits, [ 0 1 ],
modulate the transmit antenna, £* = 2, to transmit s* = +1.
The last logy(Ny) bits, [ 1 1 ], modulate another transmit
antenna, ¢ = 4, to transmit s? = —j.
The resultant vectors from the mapping process are coher-
ently added. Hence, the transmitted vector is,
]

x=[0 +1 0 —j (M

The vector, x, is transmitted over an N, x N; mmWave
MIMO channel with a transfer function H( f), and experiences
an N,-dim additive white Gaussian noise (AWGN) (n), with
zero mean and variance o2 (both real and imaginary parts
having a double-sided power spectral density equal to 02 /2).

The received signal is given by:

y = Hx +n=H,S, +n. )
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Note, the signal-to-noise-ratio (SNR) at the receiver input,
assuming normalized channel Es = E[||H,S.||%2] = N, is
given by SNR = E, /Ny = 1/02, where ||-||r is the Frobenius
norm.

It is important to note that it is possible to have ¢ = (3
depending on the incoming data bits. For instance, in the
previous example if the sequence of incoming bits are all ”1”’s,
the transmitted vector will be x = [ 0 0 0 41— }T
and /™ = ¢S = 4. Also, even in the case that two transmit
antennas are active during one time-slot transmission, the
inter-channel interference is entirely avoided at the receiver
input since the transmitted data are orthogonal representing
the in-phase and the quadrature components of the carrier
signal. It has been demonstrated in [24,27] that single radio
frequency (RF) chain can be used and the receiver complexity
is identical to that of conventional SM system for the same
spectral efficiency.

n’

B. 3D mmWave Channel Model

Omni directional antennas operating at mmWave frequen-
cies are considered in this study. The channel impulse response
By n. (t) for the n,—th and n,—th transmit and receive antenna
respectively, can be calculated using the double—directional
channel model given in [49,50],

Z h! ale]¢l5(tTl)5<@l®l>5<<I) cpl),

3)

is the [-th subpath complex channel attenuation

n,,nr

where h'
N,

between the n;—th and n,—th transmit and receive antennas
respectively, a;, ¢; and 7; are the amplitude, phase and
absolute propagation delay of the {—th subpath, ©,,, ; and ®,,,_;
are the vectors of azimuth/elevation angle of departure (AOD)
and angle of arrival (AOA) for the n;—th and n,—th transmit
and receive antennas, respectively; and L is the total number
of multipath components. Assuming the antenna arrays at both
the transmitter and the receiver are uniformly spaced with
distance d, and aligned along the z—dimension, the impulse
response in (3) can be reduced to,

Z Bl a; e’ (t—m) 6 (92— 9;) ) (qbz— ¢ ) ;
Nt Ny N, 1

nt,

“)
where 07, and ¢7, ; denoting the elevation AOD and AOA for
the n;—th and n,—th transmit and receive antennas respectively.

From [51] the transfer function of the impulse response
in (4) is given by,

j2=d( ny sin( 6% )+n,sin| ¢*
l A ( ) nol vrst) ), — 32 f
§ h akewle n o127 f v

(&)

nt,nr

rLt,m

where )\ is the carrier wavelength.

The values of a;, ¢y, wa, ¢fbr7l, and 7; in this paper are
generated using the 3-D statistical channel model for outdoor
mmWave communications derived in [3], where the frequency
is 73 GHz, antenna gains are 24.5 dBi, and the distance at each

particular time instance is varied equally likely in the range
of [60m — 200m] [3].

Furthermore, let H' be an N, x N; matrix containing all
ht complex MIMO channel attenuations, then, from [50],

N, My
Hl = R}11£2HRicianR%‘£27 (6)

where R1x and Rgy are the transmitter and receiver correlation
matrices respectively, and Hpjcjan 1S a matrix whose elements
obey the small-scale Rician distribution with K = 10 dB [52].
From [53] the correlation matrices can be calculated by,

Rup = e 7@ (o.9e—|“—vld n 0.1) , %)

where O follows a uniform distribution in the range [—, 7].

C. ML-Optimum Detector

At the receiver, the channel matrix is assumed to be per-
fectly known, and the transmitted data symbol and spatial
symbols are jointly detected using the ML optimal detector

s [24],
AN . B 2
{6, z} = arg min lly — HeSo |- (8)

The detected antenna index or indexes, é along with the index
of the transmitted constellation symbol, 7, are used to retrieve
the original information bits.

III. CAPACITY ANALYSIS OF MMWAVE-QSM SYSTEM

The most fundamental questions about existing and fu-
ture communication system is: What is the maximum pos-
sible transmission rate? In this paper, capacity analysis for
mmWave—QSM system is conducted to address this question.
The analysis considers the specific nature of QSM system
where data bits are transmitted through spatial and signal
constellation diagrams. It also adheres to the specific nature
of mmWave MIMO communication channel. This is unlike
existing capacity analysis for SMT in literature, where signal
constellation symbols are only considered without addressing
transmitted data over spatial symbols [30-35].

By definition, the ergodic capacity is the maximum number
of bits that can be transmitted without any errors, and for
conventional MIMO systems is given by [54],

C =En {max[(x y/H) } 9)

where the maximization is done over the choice of py,
with px being the probability distribution function (PDF) of
the transmitted vector x, I (x;y|H) is the mutual information
between the transmitted vector x and the received vector y
knowing H, and E {-} is the expectation operator.

In QSM system, and totally different than conventional
MIMO systems, the N; channel vectors are considered as an
N;—sized constellation diagram and used to convey informa-
tion. As such, QSM modulates information bits in the channel
vectors of the two active transmit antennas, hy», hys. At the
same time, extra information bits are transmitted through the
modulated symbol s,. Therefore, for QSM the capacity is
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defined as,
C= max I(H,S,y).

PH,PS,

(10)

An important note in (10) is that there is no averaging over the
channel matrix H similar to conventional MIMO systems, or
to previous capacity analysis for SMT presented in literature.
This is because the different channel vectors of H convey
information. Thus, the maximization in (10) is carried over
the PDFs of the spatial and constellation symbols, ps;, and
ps, respectively. Note, I (Hy, S,;y) is the mutual information
between the transmitted spatial and constellation symbols, H,
and &,, and the received vector y.

A. Evaluating the Mutual Information

The mutual information, I(H¢, S,;y), is the number of bits
that can be decoded without errors at the receiver, and is
given by,

I(HéaSI;Y):H(Y)_H(Y|H€asz)7 11

where H(-) is the entropy function.
After some algebraic manipulations given in Appendix A,
I (M4, S,;y) is derived as,

I (Hﬂvsz;Y) =—-N, 10g2(€)

“lly=#eSlE
—Ey<logy | Ex,s, 9 °n .

12)

Unfortunately, no closed—form expression is available for
the summation in (12) and numerical methods should be used.

B. Capacity
From (11), the capacity for QSM in (10) can be written as,
C= max (H(y)—H (yHeS)). (13)
PP

2 PS,
It is important to note that the entropy H (y|H¢,S.), as
shown in (26), does not depend on H, and S,. Therefore,
the maximization in (13) can be reduced to the maximization
of H (y).

In [55] it is shown that the distribution that maximizes
the entropy is the zero mean complex Gaussian distribution
(CN (0,0?)), where o2 is the variance. Thus, to maxi-
mize the entropy H (y), the received vector y must be a
CN (On,, 0')2,]:]\[7,), where o7 is the variance of y, Oy an N
length all zeros vector, and Iy is an N X N square identity ma-
trix. Considering the received signal in (2) and assuming white

2

Gaussian noise, n is ~ CA (O, , 021y, ), the received signal
2

is complex Gaussian distributed, y ~ CA (0 N, oyI N) only
if H,S, is distributed according to CN (Oy,., In, ). Hence, the

entropy of y is,

H (y) = —Ey {logy, py (y)} = Ny log, (7re (1 + ai)) , (14)

where 07 = 1+ o7. Note, from [38] the entropy of an
uncorrelated N—multivariate complex Normal distribution with

equal variances (02) is N log, (7re02).

From (13), (26), and (14), the capacity for QSM is,
C = N,log, (1+1/02) = N, log, (1+SNR).  (15)

In literature the capacity of SMT is [30-35],

Cx Dependent — En {1Og2

In, + %hhH‘} . (16)
JTL

Comparing both formulas (15) and (16), the following can
be stated: 1) With proper shaping of the constellation symbols
for each specific channel, QSM can achieve the theoretical
channel capacity even though it has only one data stream;
2) With the proper design of the constellation symbols, the
QSM capacity does not depend on the channel response H,
nor on the constellation symbols used, and only depends on
the SNR and the number of receive antennas.

The importance of the derived capacity in (15) is demon-
strated in Fig. 1, where the derived capacity in (15) is com-
pared to the channel dependent capacity in literature in (16)
for N; = N, = 4. It can be clearly seen from the figure that
(16) anticipates different capacity for each channel and they all
fall below the capacity given by (15). As illustrated in Fig. 1,
the derived capacity shows that QSM can actually achieve
4 bits more than what is thought in literature for Rayleigh
channel, 8 bits more for Rician and the 3D mmWave channel,
and 11 bits more for Nakagami—m. To achieve this capacity,
special design should be considered as will be discussed in
the next section.

The mutual information for QSM system over mmWave,
Rician, and Rayleigh fading channels with N, = 2 and 4,
M = 16-QAM, and Ny = 2,4, and 8 is studied and results
are depicted in Figs. 2 and 3. The Rayleigh fading channel
is shown to achieve the best performance as it represents the
lowest spatial correlation environment with good scattering
and no LOS path. The presence of LOS path increases the
spatial correlation and deteriorates the performance, which
explains the inferior performance over Rician fading channel.
The performance over mmWave channel is shown to lie in
between Rayleigh and Rician fading channels. Please note

40 T T
—ll— Capacity (15)
35 3D-mmWave (16)
-<€ - Ray (16) 8 Bits
30H ~ © - Rice K = 5dB (16) ]
g Nakagami m = 4 (16) 4 Bits p. ]
E 251 8
=
&
S 20f 1
g 11 Bits
215 J
@ 1
10 1
5 4
0 il | | | | | |
-5 0 5 10 15 20 25 30
2
10Ioglo (1/crn)
Fig. 1. Comparison between the derived capacity in (15) and the capacity

derived in literature (16), for Ny = N, = 4.
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Fig. 2. Mutual information for QSM system over 3D-mmWave, Rayleigh,
and Rician with K = 5 dB, where Ny = 2,4, 8, N, = 2 and QAM sysmbols
used with M = 16.
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Fig. 3. Mutual information for QSM system over 3D-mmWave, Rayleigh,
and Rician with K = 5 dB, where N; = 2,4, 8, N, = 4 and QAM sysmbols
used with M = 16.

that the small—-scale spatial fading for the different multipath
components in mmWave channel follow a Rician distribution
as shown in [3]. However, in mmWave channel, the sig-
nal is received from different subpaths, which decreases the
correlation and enhances the performance. This can be also
substantiated by noting that the performance over mmWave
channel enhances with increasing the number of transmit
antennas and nearly approaches the Rayleigh performance
with N, = 8.

C. Conditions under which QSM channel Capacity can be
achieved

The capacity in (15) is only achievable if each el-
ement of H;S, follows a CN (0,1). From Sec. II
H¢S, = hyns® + hys s>, Hence, for QSM system to achieve
the capacity, each element of hy»s® and hys s> has to follow
CN(0,1/2). Thus, using the product distribution theory [56],
and assuming that both real and imaginary parts of the symbol
s, have the same distribution, the distribution of the used
constellations has to be shaped depending on the distribution
of the channel so that it solves,

Emfzwt/L (7"
T =) P \n

where r denotes the element wise amplitude of hg%S ps 18
the PDF of the real and imaginary parts of the constellation
symbols s,, pp, is the PDF of each element of the channel H,
and h denotes the elements of H. Therefore, constellation
symbols need to be shaped for each specific channel. It should
be noted though that the solution of (17) is very sophisticated
and no closed—form expression is known to the authors.

The histogram of the amplitude (rp,) and the phase (9J)
of the 3D mmWave channel model described in Sec. II-B

pn(h) dh, a7)

are plotted in Figs. 4 and 5. From Fig. 4 it can be seen
that the amplitude of the 3D mmWave channel model can
be fitted to a log—normal with parameters in the range of
u=[—15.4086, —15.9486] and o = [1.19843,1.27692],

1 B (m rh;wh)z
rp) = —————¢ 277 g+ (r 18
p’l“h( h) ’]"ho'rh\/% ]R+ ( h)) ( )
where IIp(b) = 1 if b € B and zero otherwise, and R™
denotes the set of all positive real numbers. Furthermore, from
Fig. 5 it can be seen that the phase of the 3D mmWave channel
model can be fitted to a continues uniform distribution in the
range of [—m, 7],

1
Po, (Un) = o O rm (D).

As the phase and amplitude of the 3D mmWave channel
model are independent, the joint amplitude and phase PDF of
the 3D mmWave channel model is,

2
(ln 7‘”7”7‘}1,)

1e 277

19)

h)= ————— g+ (rp) Oj_r 0 (F). (20
ph( ) o ThUrh\/% R+( h) ( 7]( h) (20)
Substituting (20) in (17) yields,

~ (min- u,h)Q
eI = / — " dh.
07,L2v27r 0 |h|2p6 )
(21)

From (21) it can be seen that for QSM to achieve the
capacity over the 3D mmWave channel, the constellation
symbols have to be shaped, as in [57] for instance, such that
the PDF of the constellation symbols (ps) solves (21). It is a
two stages process where in the first stage, the distribution
of the constellation symbols (ps) has to be found for the

T T T
— Histogram of the Channel Amplitude
ZX —&-Log-normal Distribution

N w EN
T T T

Probability Density

-
T

12 14
Amplitude x10°

Fig. 4. Histogram of the amplitude of the 3D mmWave Channel model fitted
to a log—normal distribution.

0.2

! [JHistogram of the Channel Phase
—Fitted Uniform Distribution

Probability Densilyo
° .
[N o

T T

L L

o
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Fig. 5. Histogram of the phase of the 3D mmWave Channel model fitted to
a uniform distribution.
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given channel statistics (py,) by solving (17). Substituting the
mmWave channel distribution given in (20) in (17) leads
to (21). Unfortunately, no closed form solution for p, in (21)
is available even with math tools such as Mathematica and
Maple. However, and even if a solution was available for
ps from (21), the second stage is to shape the constellation
symbols to achieve p. Signal shaping or other methods need
to be considered to shape the constellation symbols such that
their distribution follows the obtained p,. Again, this is another
design problem that is mathematically involved and requires
further investigations and studies. Clearly, these issues are
beyond the scope of this paper but they are very interesting
topics for future research.

In almost all previous studies dealing with SM capacity
over mmWave channel, as in [58, and references therein], it is
concluded that signal constellation symbols must be Gaussian
to achieve the theoretical capacity, see theorem I just above
(30) in [58]. However, it is shown in what follows that the
complex Gaussian distribution is not the needed distribution
to achieve the theoretical capacity, and to achieve the capacity
ps should be obtained from (17), or in the case of the 3D
mmWave channel model used in this paper from (21). In
Fig. 6, the mutual information for a QSM system over 3D—
mmWave channel with Ny = 8, N, = 2 and M = 1024
constellation size is computed assuming Gaussian distributed
symbols and QAM symbols. As can be clearly seen from the
figure that even with the assumption of Gaussian distributed
symbols, the achieved mutual information is 0.5 bits less than
what QAM symbols achieved. Clearly, Gaussian distribution is
not the required distribution to achieve the theoretical capacity.
The theoretical capacity is far away and requires proper design
of the constellation symbols for the specific nature of the
channel distribution.

IV. RESULTS

Monte Carlo simulations are conducted to study the capacity
performance of mmWave—QSM system. Furthermore, a log-

161 A
50°
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Fig. 6. Mutual information for a QSM system over 3D-mmWave channel

with Ny = 8, N = 2 and M = 1024 constellation diagram assuming
Gaussian distributed symbols and QAM symbols.

normal fitting for the 3D mmWave empirical channel model
in [3] is considered and capacity and ABER performance are
studied. In all results, the carrier frequency is f = 73 GHz.

The closed—form capacity of QSM derived in (15), along
with the mutual information simulation results of QSM
for n = 6,8,10,12, and 14 bits over an Ny = N, = 2,
Ny=2and N, =4, Ny=4and N, =2,and Ny, = N, =4
mmWave channels are shown in Figs. 7- 10, respectively. In
the Figs. 7- 10, mutual information curves for the different
spectral efficiencies are shown to follow the theoretical ca-
pacity closely until a spectral efficiency of about 4 bits. This
validates the capacity bound derived in (15), and confirms that
QSM can achieve the theoretical capacity limit.

However, for spectral efficiencies larger than 4 bits, mutual
information curves deviate from the capacity curve. The reason
for this is discussed before in Section III-C. To achieve the
channel capacity, the probability distribution of Hx has to be
a complex normal distribution. In other words, (17) should be
solved for p, and signal shaping should be considered such
that the distribution of the constellation symbols is ps.

Figs. 7- 10 also depict the mutual information results
of QSM over lognormal fading channels with uniformly
distributed phase. The mutual information results for the
3D mmWave channel and for the lognormal fading channel
demonstrate close match for wide and pragmatic range of
SNR values and for different number of transmit and receive
antennas. Furthermore, Fig. 11 depicts the ABER performance
of QSM over both the 3D mmWave channel model and the
lognormal fading channel model for = 10 and N; = N, =
2,4, and 8. It can be seen that the ABER performance results
for QSM over the lognormal fading channel closely follow
that over the 3D mmWave channel. These results along with
the discussion in Sec. III-B, validates that the 3D mmWave
channel model in [3] can be closely approximated by a log-
normal fading channel with uniform phase distribution.

[
23
E]
T
c
c
5]
<
=3
g oooopoooooon
123
5 —— Capacity
3D mmWave Model
O Lognormal Channel
|
30 40 50

Fig. 7. Capacity and simulated mutual information of mmWave-QSM with
n==6,8,10,12, and 14, Nt = N, = 2.
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n==6,8,10,12, and 14, Ny = 2, N, = 4.



IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS

151

ooooooooooooog

—4— Capacity
3D mmWave Model
O Lognormal Channel

-10 0 10 20 30 40 50

Bits per channel use
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Fig. 10. Capacity and simulated mutual information of mmWave—QSM with
n=26,8,10,12, and 14, Ny = N,, = 4.

Finally, QSM performance is compared to SM and spatial
multiplexing (SMX) [59] systems over the 3D mmWave chan-
nel model for n = 8 and 12, and N; = N,. = 4. The derived
capacity for QSM in (15) along with simulation results of the
mutual information for QSM, SM, and SMX systems over the
3D mmWave channel model are depicted in Fig. 12. It can be
seen that QSM outperforms SM for both n = 8§ and 12, and
offers the same performance as SMX for n = 8. However, for
larger spectral efficiency, n = 12, SMX outperforms QSM by
about 0.8 bit. This enhancement can be attributed due to the
need of smaller constellation diagram of SMX as compared
to QSM. Please note that for n = 8, SMX constellation size
is 75% smaller than that of the QSM constellation. Whereas
for n = 12, SMX constellation size is about 97% smaller than
the QSM constellation size.

It should be noted though that all depicted results perform
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Fig. 11. ABER of 3D-mmWave-QSM with 7 = 10,

Ny = Np = 2,4, and 8.
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Fig. 12.  The capacity of QSM compared to the simulated mutual infor-

mation of QSM, SM, and SMX over the 3D-mmWave channel model, for
n =28, and 12, and Ny = N, = 4.

much less than the anticipated theoretical capacity of QSM
system. As discussed earlier, proper design of the signal
constellation for the specific nature of the considered channel
is needed to achieve this capacity. It should be also mentioned
that even though QSM and SM need larger constellation dia-
gram than SMX, they offer huge energy saving potentials [60],
and large reduction in computational complexity [61].

V. CONCLUSIONS

Capacity analysis for QSM MIMO system over mmWave
channels is studied in this paper. The mutual information
and the capacity are derived and the conditions under which
channel capacity can be achieved are derived and discussed. It
is shown that QSM system can achieve the channel capacity
with only single data stream. This is in contrast to other spatial
multiplexing systems, where channel capacity can be achieved
if the number of available data streams equal the minimum
number among transmit and receive antennas. Obtained results
reveal that the QSM capacity can be attained by shaping the
constellation symbols based on the distribution of the channel,
such that the resultant of the constellation symbol passing
through the channel follows a complex Gaussian distribution.
Such design and constellation shaping will be the subject of
future research. With proper design, QSM can theoretically
achieve higher capacity than that of SMX system. It is also
shown that the 3D outdoor mmWave channel model can be
closely fitted with a log—normal fading channel. The formula
to design the constellation symbols for QSM system over
mmWave channel is derived and shown to be mathematically
involved. Hence, it is left for future investigations.

APPENDIX A
DERRIVATION OF I(Hy,S,;y) IN (12)

Firstly, derive H(y),

H(y) - / py (¥)logy py (¥) dy

—Ey {logy py ()}, (22)



IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS

where py (-) is the PDF of the received vector y,

/ pr, (He) ps, (S0) Py imes.) (YIHe, S.) dHe dS,
Hbsz

1 —lly="eSe 1
e R ,

—~ Ens, (23)
(ma2) ™

where p(y|#,,s,) is the PDF of the received vector y knowing
the spatial and constellation symbols, 7, and S, respectively,
and it is given by,

1 fllnyQleII%

e T

. (24)

Piyires) (YIHe 81) = —
(Tra-'fl

From (22) and (23), the entropy of y is,
H (y) = N, log, (w07,

“lly—#eSulE

—Ey{logy ( Eg,s, ¢ 7 (25)

Secondly, the entropy of y knowing H,, S, is,

H (y|H¢, S)) —Ey {1og, pyn,.s, (y|He, S }
—E, {logy pn (n + H,S,)}
= N, log, (waie) )

(26)

where p, is the PDF of the noise vector n. Note, from [38]
the entropy of an N length complex Guassian random vector
with mean u and variance o is N log,(mo2e).

Finally, substituting (25) and (26), in (11) lead to
I(He, S,;y) given in (12).
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