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Abstract—In this letter, we investigate a novel quadrature
spatial scattering modulation (QSSM) transmission technique
based on millimeter wave (mmWave) systems, in which the
transmitter generates two orthogonal beams targeting candidate
scatterers in the channel to carry the real and imaginary parts of
the conventional signal, respectively. Meanwhile, the maximum
likelihood (ML) detector is adopted at the receiver to recover the
received beams and signals. Based on ML detector, we derive the
closed-form average bit error probability (ABEP) expression of
the QSSM scheme. Furthermore, we evaluate asymptotic ABEP
expression of the proposed scheme. Monte Carlo simulations
verify the exactness and tightness of the derivation results. It
is shown that the ABEP performance of QSSM is better than
that of traditional spatial scattering modulation.

Index Terms—Quadrature spatial scattering modulation
(QSSM), millimeter wave (mmWave), maximum likelihood (ML),
average bit error probability (ABEP).

I. INTRODUCTION

Spatial modulation (SM), which activates only one transmit
antenna for each transmission, has been considered a potential
multi-antenna solution for wireless communication systems
[, [2]. To clarify the transmission characteristics of SM in the
real-world environment, the authors of studied the average
bit error probability (ABEP) performance of three-dimensional
SM over the measured channels. To further improve the spec-
tral efficiency of SM, quadrature SM (QSM) was proposed,
in which the spatial symbol is expanded into two orthogonal
in-phase, and quadrature parts [4]. Since the two transmitted
data are orthogonal and modulated by the orthogonal carriers,
inter-channel interference (ICI) can be eliminated [5]]—[[7].

Due to the limited spectrum resources, communications in
the millimeter wave (mmWave) band are attracting widespread
attention. To combat the severe path loss, it is necessary to
utilize multi-antenna techniques [§]]. In this manner, the gain
provided by beamforming can compensate for the attenuation
of mmWave signals, ensuring the stability and reliability of
the data transmission. Motivated by this, [9] introduced spatial
scattering modulation (SSM) scheme for mmWave communi-
cation, where transmitter sends a narrow beam aimed at the
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target scatterer, instead of activating a transmit antenna in the
SM scheme. In this context, adaptive SSM (ASSM), gener-
alized SSM (GSSM), and reconfigurable intelligent surface-
assisted SSM (RIS-SSM) schemes were studied in [10]-[12].
It is worth mentioning that the SSM technique can be perfectly
applied to secure communications, since the passive scatterers
themselves do not carry information.

In the SSM scheme, the real and imaginary parts of
the phase shift keying/quadrature amplitude modulation
(PSK/QAM) signal are emitted by a single beam. To en-
hance spectral efficiency, we propose a novel quadrature SSM
(QSSM) scheme that preserves nearly all the characteristics of
SSM. In QSSM, the signal of the symbol domain is extended
into real and imaginary parts carried by quadrature and in-
phase beams, respectively. To the best of our knowledge,
research in this area is still missing in open work. For clarity,
the main contributions of this letter are summarized as follows:

e« A novel QSSM scheme is proposed to improve the
spectral efficiency for mmWave transmission.

e Based on the maximum likelihood (ML) detector, we
derive the closed-form analytical ABEP and asymptotic
ABEP expressions for the QSSM scheme, respectively.

o The simulation results validate the analysis and demon-
strate that QSSM transmission is superior to conventional
SSM in terms of reliability.

II. SYSTEM MODEL

In this section, we introduce the N, x N; multiple-input
multiple-output (MIMO) model in Fig. [1} It is assumed that
both transmitter and receiver can obtain perfect channel state
information (CSI) [13]. Moreover, the narrowband block-
fading propagation channel is considered in this letter [O]], [14].

A. Channel Model

In this subsection, we employ a geometric Saleh-Valenzuela
channel model to charctrize the channel of the proposed QSSM
systems. As shown in Fig. 1, we assume that there are L
clusters between the receiver and the transmitter. Then, we
select the two scatterers with the weakest correlation in each
cluster according to the perfect CSI. Therefore, the channel
model of the QSSM scheme can be expressed as

L L
H= > Ba(0;)al (0,)+ Y Brar(0;,)ar (6},),
k=1 ka=1

(1)
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Fig. 1. System model of the proposed QSSM scheme.

TABLE I
BIT MAPPING OF QSSM FOR M = 4, L = 4.

[b1b2b3ba] | [lg, Ig] | [b1b2bsba] | [Ig, Is]
0000 | 1#,1# | 1 00 0 | 3# 1#
0001 | 1#,2%# | 100 1 | 3# 2#
0010 | 1#,3% | 1010 | 3# 3#
00 1 1 | 1% 4% 101 1 | 3#, 4%
0100 | 2% 1# 1100 | 4%, 1#
0101 | 2% 2# 1101 | 4%, 2%
0110 | 2%, 3# 1110 | 4#, 3#
01 1 1 | 2% 4% 1111 | 4%, 4%
[b5bg] [TR, Tg] [b5b6] [TR, T3]

00 -1 =1 11 a1

V2’ V2 V2’ V2

01 ;;% 10 %;;

where (-)f represents the conjugate transposition and f; is
the complex gain of the [-th scatterer, i.e., §; ~ CN(0,1),VI,
where CN(+,-) denotes circularly symmetric complex Gaus-
sian distribution. The antenna array response vectors a,(6]) €
CNr*1 and a4(0}) € CN**! can be respectively expressed as

a.(0]) = \/Lﬁ[l, exp(j27eT), ... exp(j2men- (N, — )T,

—_

ay(0]) = —==[1, exp(j2me}), ..., exp(j2me}- (N — 1))],

N,
VN o

where (-)7' is the transpose operator, ¢} = d,.sin(67)/), and
@ = dysin(f)/\. Further, 8] € [0,27] and 6] € [0,27]
are the [th scatterer’s angle-of-arrival (AoA) and angle-of-
departure (AoD) of the receiver and transmitter, respectively.
Furthermore, A denotes the signal wavelength, d, and d,
represent the distance between adjacent elements in the receive
antenna array and the transmit antenna array, respectively.

Note that when N, and N; are large, the resulting beam
is very narrow. At this point, we consider that there is no
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Fig. 2. Constellation diagram with 4QAM and 4 scatterers.

interference between the beams [9]—[12]]
af(ef)a”( f’) ~ 6(1 - l/)v la l/ € {17 27 sy L}a

3
al’ (0))ai(0)) ~o(1—1"), 1,I'€{1,2,...,L}, ©

where 6(-) denotes the Dirac delta function.

B. OSSM Transmission

In Fig. [l the input bits are first modulated by M-ary
PSK/QAM signal. Then, the modulated signal is decomposed
into real and imaginary parts. Next, the transmitter sends
quadrature and in-phase beams to carry real and imaginary
parts of the signal, respectively. Particularly, two orthogonal
beams can activate two candidate scatterers in the scattering
cluster. As a result, the spectral efficiency of the QSSM system
can be given by

R =log, (M) + logy(L) +logy(L) b/s/Hz. “4)

Example 1: In the QSSM system with M =4 and L = 4,
we have the data rate R = 6 b/s/Hz. Table I shows that
b1by denotes the scatterer with the quadrature beam, bsby
denotes the scatterer with the in-phase beam, and bs; and bg



represent the real part zx and imaginary part xg of the signal,
respectively. We assume that the following input bits
b=[01, 1,0, 1,1] 5)
~ O~~~
(bibz) (bsba) (bsbe)
are to be transmitted. Based on Table I, the first 2 bits modulate
the active 27 scatterer index Iy used to carry the real part of
% corresponding to 5-th bit. Similarly, the 3-th and 4-th bits
represent 37 scatterer activated by the in-phase beam, which
carries the imaginary part of LQ corresponding to 6-th bit. To
demonstrate the information in Table I clearly, we draw the
QSSM constellation in Fig.

C. OSSM Detection

It is worth noting that when the receiver is equipped
with a large number of antennas, the 40 MHz bandwidth
can achieve centimeter-level positioning accuracy [[13]. In the
mmWave band, as the communication frequency increases, the
positioning accuracy will become more precise. The received
signal of the QSSM scheme can be given as

y(k1, ko) =/P,H [at(%l)m +ay(0%)jos| +n

L
VLS fran (6 )at (6))as (6L, o
k=1

L
+ V' Ps ZBlaT(Hf)afI(Hlt)at(G‘};z)jxg +n,

1=1

(6)
where P; stands for the transmit power, kj, ko = 1,2,..., L,
and n € CN~*1 denotes the additive white Gaussian noise
(AWGN) following CN(0, NIy, ). Note that vector n con-
tains real and imaginary parts noises, each of part follows
CN(0, Ny/2).

To distinguish the direction of the received beam, we equip
the receiver with a phase-shifted weight network to monitor
the incoming wave direction of all scatterers in real time.
The phase-shifted weight network can be described as R" =
[ 1 RQ]H , where RT = [O’T(eg)v T 7a7“(9£1)7 T 7aT(92)]
and Ry = [a.(07), - ,a.(0,), - ,a-(0})]. where every
weight vector consists of phase shifters aiming at a specific
receive beam. Finally, the index of the scatterer can be
obtained by judging the direction of the arrival beam. As such,
the received signal after the weights of phase shifters can be
expressed as

vr(ki, ko)=Ryy(k1, k2)
L
=VP.R, Y Bia. (6] )a;’ (6})ar (0}, )rn
k=1

L
(7
+ \/FSRT Z Bia (9;)(1{{ (elt)at(eig )]:Cg + ny

=1
_\/_a (ekl)aT 9k1)5klat (ekl)at(%l)w%
+V/Peal (07,) a6}, Br.all (0%,)ar (0L, )jrs +nr,

where

ne = al (0;,) g, +al’ (6],) ng, ~ CN(0,No),  (8)

By utilizing Eq. (@), y, can be calculated as

=/ PsBr, 2+ PsBryjrs + N 9

Finally, the ML detection for the selected scattering path can
be characterized as

vr(ki, k2)

[]%15 ]%27:&%; i%]

=arg  min |y, (k1 k2) =/ Ps (Be, 2+ Br.vs) |7,

k1,k2, xR, rs
R R (10)
where k1 and ko denote the indices of detected scatterers in

the channel, 3 and Zg stand for real and imaginary parts of
the detected PSK/QAM signal.

ITI. PERFORMANCE ANALYSIS
In this section, we first give the closed-form expression on
the pairwise error probability (PEP) of the QSSM scheme.
Then, we derive the asymptotic PEP expression of the QSSM

scheme. Finally, we provide the union upper bound expression
of ABEP.

A. Analytical PEP

Based on Eq. (I0), the conditional PEP can be derived as
follows:

Py = P Iy (k1 k) = v/Pe (B o + 3 Brya)

> lyr(ky, ko) = /Ps (ﬁ;;lfm +jﬂ,;2is) |2)

= P(=2R {on/P[(Bra v~ B o)+ (Bravs — By )] |
—P; [(ﬂklxm = B, iw) + J(Brovs — ﬂgzis)} "> 0>

= P(G > 0), an

where
G = 2R {ny/ P | (B o — By, )+ (Bras — By, 79) | |

2
— P [(Bkl«T?R = Bi,Aw) + J(Brors — ﬁ,;;?%)}
12)
Obviously, G ~ N (uc, 02 ), where N(-,-) denotes the real
Gaussian distribution and the mean and variance are expressed
as
2

)

‘ 2

=P |(Bkyzn — By, Ex) + §(Bro s — B, &)

=—2NoPFs

(Bryzr — B, 20) +7 (Brovs — By, Ts)
(13)
Since P, = P(G > 0) = P(—pg/oc). Eq. () can be

rewritten as

2
Ps |(Bryzn — By, ) + j(Bro s — 51;256%)‘

P. =
@ 2Ny
- [P
(14)
where () denotes the () function, p = Ps/Ny
indicates  signal-to-noise ratio (SNR), and 7n =
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Fig. 3. ABEP analytical derivation verification.

(Bryxp — By, &) + j(Bros — By, &s). Since zero mean of
/1 and orthogonal beams of k1 and ko, the variance of /7
can be obtained as

lzg — Enl? + |zg — g%, Brs = Bi,s Bra =By,
ﬁ/ﬁ #ﬁfcl ) Bkz :Bfwu
TR — Zn|* + [2s]® + |2s]% Bry =By, Bre # By

|178R|2 + |£§R|2 + |$g|2 + |j?%|2a Blﬂ #B[}laﬂlm #ﬂfcz
(15)

|zr]? + |22 + [zs — 2s]?,

=
Il

Since the signal power is reflected at the receive SNR, we
need to normalize 7. Let us define v = Z, the probability
density function of the central Chi-square distribution with
two degrees of freedom can be evaluated as

7o) =g (-1).

Combining (I4) and (18), the unconditional PEP can be
characterized as

by [T (Do)

Substituting Q(y) = %fog exp( 2&1[120) df into (I7), the
unconditional PEP can be calculated as
2 0
sin? @ + 2sin” 0 + pn > dbd~.

T:_/ / exp< 4sin? 0

Exchanging the order of integration of # and -, we have

(16)

a7)

(18)

2 0
T _ _/ / exp < SlIl +P77 > d"yd@ (19)
4sin? 6
Addressing the inner integral, Eq. (I9) can be recast as
_ 1 (32 in2 6
P, = — / ) de. (20)
T Jo sin” 6 + &1
After some algebraic operations, we can obtain
_ 1 1
PT:—<1— /—2>. (2D
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Fig. 4. Comparisons with SSM.

B. Asymptotic PEP

To clarify the trend of the PEP and to gain more valuable
insights, we derive the asymptotic PEP of the QSSM in this
subsection. ) )

Substituting Q(v) ~ (—l) + Lexp (—%)
(T2, we can obtain the loose upper bound of P, as follows:

_ 1 [ 2+pi) 1 / o 3+2p7
P= ——— )dy+= ————|dny.
24/, GXP< 1 7) 7+8 ) €xp 6 )
(22)
In high SNR regions, the constant term added to p7n can be

ignored. Consequently, Eq. (22) can be evaluated as

exp into

O Y 2] L[~ P
o [ ()L [ ()0
e 24/0 SP\mgY) Oty ) P T @
13
- 24p0
(23)
C. ABEP

With the unconditional PEP and asymptotic PEP in (1))
and (23), we provide the corresponding ABEP in (24), shown
at the top of next page, where N ([ky,ka,m] — [k, ko, 1))
denotes the Hamming distance between symbol [k1, ko, m] and
[ke1, k2, m). Besides, log,(L2M) represents the total number
of constellation points in the QSSM constellation diagram.

IV. NUMERICAL RESULTS

In this section, we evaluate the ABEP of the QSSM scheme
via the simulations and derivation results. Note that the sim-
ulation for each value is obtained by averaging 10° random
numbers. According to [9], we set Ny = 32,N; = 32, and
dy =d, = \/2.

In Fig.[3] the analytical and asymptotic results are presented
and compared with the simulation values, where we employ
L =4 and L = 8 QSSM systems with 4QAM to achieve
6 b/s/Hz and 8 b/s/Hz data rates, respectively. In the exten-
sive and practical SNR region, the analytical and simulation



N([k1, ka,m] = [k1, ko, ) P,
L2M log, (L2 M) '

(24)
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Fig. 5. ABEP under different data rates.

results match well, which validates the derivation results of
ABEP. However, in the low SNR region, there is a noticeable
mismatch. This is because the derived results represent the
upper bounds rather than exact ABEP. It can be observed
that the difference between analytical and asymptotic results is
small and almost negligible in the high SNR region. To some
extent, we can replace Eq. (23) with Eq. 2I)) to characterize
the ABEP of the QSSM scheme.

In Fig. @ compared with the conventional SSM scheme,
we plot the ABEP of the QSSM scheme under the same
spectral efficiency. As the data rate is 4 b/p/Hz, corresponding
parameters are set as L = 2 and 4QAM, while the data rate is
8 b/p/Hz, we let L = 4 and 16QAM. It is evident from Fig.
[l that QSSM provides better ABEP performance than SSM.
Specifically, for 4 b/p/Hz, the QSSM exhibits an SNR gain of
about 3.6 dB when ABEP is equal to 10~%. In addition, for
4 b/p/Hz, the QSSM achieves an SNR gain of about 3 dB at
ABEP = 1073,

Fig. I3l shows the simulations, analytical, and asymptotic
results for the ABEP versus SNR for L = 4 and different
modulation orders. It can be seen from Fig. [3] that both the
analytical upper bound and the asymptotic results are tight
within the SNR range of Fig. |5l Furthermore, the 4QAM corre-
sponding to QSSM system achieves better ABEP performance
than that of 8QAM and 16QAM. For example, when ABEP =
10~3, compared to 4QAM, the systems of 8QAM and 16QAM
require 4.3 dB and 7.1 dB SNRs, respectively.

V. CONCLUSIONS
In this letter, we considered a novel QSSM scheme aided

MIMO architecture for mmWave transmission systems. Based
on ML detection, the closed-form expressions of ABEP on

the QSSM scheme was derived over the Saleh-Valenzuela
channel. To get more valuable sights, the asymptotic ABEP
expression of QSSM scheme are also provided in this letter.
Finally, Monte Carlo simulations validated our analysis and
showed that the ABEP performance of QSSM system is better
than that of conventional SSM system with different system
configurations. We hope that the insights provided in this work
will be helpful for future research in QSSM. In future work,
QSSM schemes under non-ideal conditions, such as inter-beam
interference and imperfect a priori channel knowledge, remain
an attractive and open research topic.
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