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Abstract

In this letter, a new spatial scattering modulation (SSM) is proposed for uplink millimeter-
wave (mmWave) systems that support a single user terminal (UT). By utilizing the analog
and hybrid beamforming with a large antenna array and phase shifters for mmWave com-
munications systems, an architecture where the UT has a single radio frequency (RF) chain,
whereas the base station (BS) has more than one RF chains is adopted. In this architecture,
the proposed SSM modulates some information bits on the spatial directions of scattering
clusters in the angular domain, so that a higher spectral efficiency can be achieved with the
use of a lower order modulation. For a particular number of scattering clusters and num-
ber of RF chains, a closed-form expression for the upper bound on the bit error rate (BER)
is derived for the proposed SSM. Monte-Carlo simulations are also conducted to verify the
achievable BER performance.
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Abstract—In this letter, a new spatial scattering modulation
(SSM) is proposed for uplink millimeter-wave (mmWave) systems
that support a single user terminal (UT). By utilizing the analog
and hybrid beamforming with a large antenna array and phase
shifters for mmWave communications systems, an architecture
where the UT has a single radio frequency (RF) chain, whereas
the base station (BS) has more than one RF chains is adopted. In
this architecture, the proposed SSM modulates some information
bits on the spatial directions of scattering clusters in the angular
domain, so that a higher spectral efficiency can be achieved with
the use of a lower order modulation. For a particular number
of scattering clusters and number of RF chains, a closed-form
expression for the upper bound on the bit error rate (BER) is
derived for the proposed SSM. Monte-Carlo simulations are also
conducted to verify the achievable BER performance.

Index Terms—Spatial scattering modulation, millimeter-wave
communication, analog beamforming, antenna array.

I. INTRODUCTION

UE to a high data rate demand in wireless communi-
D cations, millimeter-wave (mmWave) band has received
increased attention in recent years because of its large available
bandwidth. Signals in the mmWave band experience more
severe path loss than microwave signals. Thanks to a smaller
wavelength, it is possible to pack more antenna elements in a
given area, so that a beamforming technique can be leveraged
to achieve a higher beamforming gain in combating the severe
path loss. Due to high hardware cost and power consumption
of radio frequency (RF) chains, it is impractical to equip every
antenna element in a large array with a separate RF chain.
Various architectures have been proposed for both analog
beamforming and hybrid analog-digital precoding in mmWave
systems [1].

In this paper, we employ a large antenna array at both the
user terminal (UT) and base station (BS), so that a very narrow
and directional beam can be formed to transmit signals in
the uplink direction [2]. Motivated by the spatial modulation
(SM) [3], we propose the spatial scattering modulation (SSM)
that utilizes the spatial dimension of the antenna array in
modulating a part of information on directions of scattering
clusters in the angular domain. That is, the information is
not only transmitted by modulated symbols, but also by the
indices of the corresponding scattering clusters. The mmWave
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system based on SM concept has been proposed in [4] and
[5], where a line-of-sight (LoS) scenario is considered in
[4] and a generalized SM scheme is proposed in [5] with
analog beamforming. In contrast to preexisting work, our main
contributions are summarized as follows:

e« We consider a non-line-of-sight (nLoS) scenario and
propose a new modulation scheme (SSM) for the uplink
mmWave system, where additional information bits are
modulated on the indices of the scattering clusters. The
proposed scheme is able to achieve a higher spectral
efficiency with a limited number of RF chains at the UT.

o Using a simplified narrowband clustered channel model
[6], [7], we verify the performance of the proposed uplink
mmWave system using the bit error rate (BER) as a met-
ric. To justify our BER performance, we compare it with
that obtained by the theoretical upper bound on the BER.
We also compare the BER performance with non-SSM-
based maximum beamforming and random beamforming.

II. SPATIAL SCATTERING MODULATION

A. Transmitter and Receiver Architecture

To combat severe path loss in mmWave band, it is required
that the numbers of antenna elements /N, at the BS and [V, at
the UT are large to achieve a high beamforming gain. Since it
is impractical to apply an RF chain to each antenna element
due to hardware cost and power consumption, we assume that
only a single RF chain is employed at the UT in the uplink
transmission. In this architecture, the RF chain is connected
to all antenna elements in the array through a set of phase
shifters. The BS, which acts as the receiver, has more sophisti-
cated hardware and can afford more power consumption. Thus,
we assume that the BS has multiple RF chains, and each of
them is also connected to all antenna elements through its own
set of phase shifters. These two architectures shown in Fig. 1
correspond to the analog and hybrid architectures in [8]. Since
only one RF chain is available at the UT, only a single stream
can be transmitted and the beamforming strategy is to steer
in the dominant path direction to achieve the highest signal-
to-noise ratio (SNR) at the end of the link [8]. In contrast,
when the BS has R > 2 RF chains, a variety of analog-
digital combining strategies can be employed as shown in [9].
Without any interference among scattering clusters and only a
single stream transmission, the maximum ratio combining at
the receiver will form its beam towards the scattering cluster
which corresponds to the transmit beamforming direction.



Fig. 1. Block diagram of the UT and BS in uplink communications, where
B; denotes the gain of the lth scattering cluster.

B. Channel Model

We adopt a narrowband discrete physical channel model [6],
[7]. The channel matrix H € CV~*Nt is assumed to be a sum
of Ny, paths as follows:

Nis

H =Y Ba.(0])a; (6}) (1)
=1

where 3 is the complex gain of the Ith path, and 6] and 6}
are azimuth angles of arrival (AoA) and angles of departure
(AoD), respectively. We assume that both the UT and BS
utilize a uniform linear array (ULA), so that the array manifold
vectors a,(07) and aff (6}) can be written as [2]:
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where w;’édfsin(e}”) and w}fé%sin(ef), d, d; denote antenna
spacing at the receiver and transmitter, respectively, A is the
wavelength of the propagation. The channel model in (1) is
a simplified version of the clustered channel model in [7].
Namely, we use a representative path to denote the total effects
of all paths in a cluster.

When N, and N; are large, the beams are narrow, which,
in turn, implies an approximate orthogonality, so that we have
a.(07)"a,(07) ~ 0,1 # k and a,(07)" a.(0}) ~ 0,1 # k [2],
[6], [7]. This also implies that interference among scattering
clusters is limited. Thus, in this paper, we assume an exact
orthogonality among all AoA’s and AoD’s, formally as:

a,(0]) " a,(0;) = 61— k), au(6)a(0]) = 5(1—k) (2)

where 0(-) denotes the Dirac delta function. This assumption
is utilized to simply the theoretical calculations in this paper.

C. SSM Transmission

In SSM, rather than choosing the dominant direction for
beamforming, the UT will form a beam to the direction
determined by information bits. Out of NV;, scattering clusters,
the UT chooses Ny < R scattering clusters which have the
largest cluster gains |5;| for possible transmission directions.
Without loss of generality, we assume (5; with decreasing order
of magnitude such that |51 > |82 > --- > |An,,|. In each
transmission, the first log, (V) bits will be used to determine

which one of the IV, scattering clusters the transmitter steers
to. Then, the next log, (M) bits will be utilized to determine
the transmitted modulation symbol, where M denotes the
constellation size. Denoting with s the transmitted symbol
with unit power and p € CN¢*! (||p||2 = 1) the transmitting
direction, which also represents the weights of phase shifters,
the received signal in the SSM transmission can be written as:

y=VEHps+n 3)

where y € CV7*1 is the signal received at the receiver anten-

nas, F is the transmission power, and n ~ CN(0,02%1Iy,)
is noise at receiver antennas. Also, CA'(0,02) denotes the
circularly symmetric Gaussian distribution with variance 0.

1) One example of SSM with four scattering clusters,
Ny =4, and QPSK, M = 4, for modulation: For the random
sequence of information bits b = [by, s, ...], we take every
four bits (log,(Ny) +log,(M)) as a group, [b1, ba, b3, by]. The
following table shows the transmission scheme:

[bib2] |00 0] ) T
P a;(07) | a:(6%) | ac(6)) a(6))

[bsba] |00 0l 10 i
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2 2 2 2

Thus, for [b1,bs, b3, bs] = [0000], (3) becomes
Nts

y=VE( fia.0))al!(0]))ai(0))s +n
=1
= VEa.(07)51(1 + 1))/ V2 + n. “)

D. SSM Detection

The receiver signal y at the antenna array goes through
the phase shifters, is combined and down converted by each
RF chain. From (4), it shows that when the weights of the
receiver phase shifter are a,(6},), where k corresponds to
the transmission direction, the largest SNR can be achieved.
However, the BS does not know which direction was used by
the UT since this was determined by the random information
bits. Thus, R RF chains are used at the receiver side to form
beams towards all possible scattering clusters being used in
the SSM. Denoting r; as the phase shifter weights steering to
the Ith scattering cluster, we have

TN, = [an(07), .. an(0y,)]
and the signal after RF chain as:

Ye = (Tl:Ns)Hy = [ar(HI)H% B ar(e;\/S)Hy]T' (5)

Notice that we require R > N, such that each RF chain
can form a beam towards at least one scattering cluster.
When N;s > R, i.e., when we have more scattering clusters
than the number of RF chains, we can choose up to R
scattering clusters with largest gain magnitude to implement
the SSM scheme. To decide which direction was used for
transmission and which symbol was transmitted, we apply
maximum likelihood (ML) detection as follows:

{k,8} = argmin |y.(k) - a.(6;)" Ha,(0,)VEs]> (6)

ke{

1,...,Ns},

A
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where k is the detected transmission direction which reveals
the first log, (Vs ) bits, and § is the detected transmitted symbol
representing the next log, (M) bits. In this paper, we assume
that perfect channel state information such as path gains (5;s)
and AoA/AoD (67,6}) are known at the receiver, and the
transmitter has access to them.

ITI. BER PERFORMANCE ANALYSIS
In this section, we derive the BER performance of the
proposed SSM scheme. When channel gains §;,1 = 1,..., N,
are given, assume that £ and s™ are true transmission direction
and transmitted symbol, whereas k& and s are detected direc-
tion and symbol using criterion in (6). Then the conditional
pairwise error probability (CPEP) is given by
P({k*,s*} = {k,3} | Br,....Bn,) =
P(|ye(k*) — a,(05. )" Hay (0}, )VEs*|> >
lye (k) — ar(ﬁz)HHat(%)\/—ﬂ ). @)
For k = k* or k and s = s* or 4, we have a,(0;)" Ha,(6})
VEs = ByVEs according to the orthogonality assumptions
provided in (2). Thus, we have
ar(05)"n, kAK

-(k
velh) Br-VEs* +a, (0. ) n, k=Fk".

= ar(elrc)Hy =

Also, Eq. (7) is given by (8) at the top of the next page. We
need to consider two different cases, i.e., k = k* and k #£ k*.

A. CPEP with k = k*

When k = k*, detection of a transmission direction is cor-
rect, whereas the error comes from § # s*. Thus, combining
Egs. (7) and (8), we have

P({k*,s*} — {k*,5} | B1,....Bn,) =

P(la, (0) 0> > B VE(s* —3) + a.(05.)"n|?) =
P(2R[n" a,(0}.) B VE(s* = 8)] + By VE(s*
Let w = 2R [n'a, (05.)Be- VE(s* — 3)] +|Be- VE(s* —3) 2,

then we have w ~ N(uy,02), where p,, = |B=|*E|s* —
32,02 = 202| B+ |*E|s* — §|%. Thus,

k% * A /816* 2E s*—§ 2
P({k",s"} > (k" 5}B1,... B.) = Q( %

—3)]? <0).

distribution with the rate 1/2. For wso, since ar(GE)H n —
BiVES ~ CN (=B VES,0?), 5773 is distributed as a non-
central chi-squared random variable with two degrees of free-
dom and the non-centrality parameter A\ = M Also,
with the assumption in (2), we have a,(6}.)" ar(%) =0,
so that a,(6}.)"n are independent of a,.(67)" n [10], which
implies that w; is independent of w,. With all these properties,
we have the following probability after some manipulations:

L
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P({k*, s} = {k,5} | Bu. .., Bx.) = ). (10)

C. Bit Error Rate

With the CPEPs in Egs. (9) and (10), we derive the BER
using the union bound as follows:

pb(ﬁlv"'vﬁN )

NN (k*, %) k* - ZS:*Z

P({k*vs*} - {‘12"75} | ﬁh .. -aBNS)Eb({k*vs*} - {‘Z;"é})
an

where N is the total number of bits (included in both the
direction and the symbol) transmitted every time, N (k*,s*)
is the total number of possible realizations of £* and s*, and
({8757} = (I, 5})
k*,s* are transmitted but &, § are received.

Using the same example as in Section II-C, we have N, = 4.
For four possible transmission directions (k*) and four pos-
sible transmitted symbols (s*), there are total 4 x 4 = 16
possible realizations of £* and s*, thus N(k*,s*) = 16. If
k* = 18" = 52([br, b2, b3, ba] = [0000]), and detected

k=25= %([bl,bg,bg,bd [0101]), then two bits are

incorrect so that By ({k*,s*} — {k,§}) = 2 in this case.
From the example, we see that the BER performance (11)
is related to not only the CPEP of error events, but also the
number of scattering clusters chosen as candidate transmission
directions and the size of symbol modulation.

is the number of erroneous bits when

IV. SIMULATION RESULTS

We compare our transmission scheme with other two
schemes: maximum beamforming (MBF), where the UT steers

9) to the scattering cluster with the largest gain (;, and the

where Q(-) denotes the Q-function.

B. CPEP with k # k*

When & # k*, detection of transmission direction is
incorrect. In this case, we have either § # s* or § = s*.
Thus, again combining Egs. (7) and (8), we have

P({k*,s*} — {k,5} | B1,....0n.) =
P(|ar(O-) " nl* > |a.(0)"n — B, VES?).
Let wlé|a7»(9};*)Hn|2 and w2é|ar(9’")Hn B;VE3[%. Since

a-(07.)"n ~ CN(0,0?), S5z is a ch1 squared random vari-
able with two degrees of freedom, which has an exponential

random beamforming (RBF), where the UT steers to one of
Ny clusters randomly. We assume both the UT and BS have
32 antennas N; = N, = 32, and four RF chains at the
BS, that is, R = 4. The spacing between antennas is set to
be d; = d, = % Each of Ny, scattering clusters has gain
Bi,1 = 1,..., Ny, distributed by 3 ~ CN(0,1), and we
choose Ny = 4 largest |5;] and use corresponding scattering
clusters to implement the SSM scheme. For simplicity, the
AoA and AoD corresponding to each cluster are uniformly
chosen from DFT bins, so that the orthogonality among array
vectors is guaranteed. For fair comparisons, we fix the spectral
efficiency for different schemes to four bits per transmission.
Since the SSM utilizes N; = 4 scattering clusters, the symbol
s is modulated using quadrature phase shift keying (QPSK),
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Fig. 2. BER performance with N5 = 6.

which overall gives four bits per transmission. In contrast, the
MBF and RBF use 16 quadrature amplitude modulation (16-
QAM).

Figs. 2 and 3 show the BER performance of three schemes
with V;s = 6 and N, = 12, as well as the derived theoretical
bounds on the BER for the SSM, denoted by Theo-SSM. We
can observe the following facts:

o The derived bound is tight in the high SNR range.

o When the total number of scattering clusters is large, e.g.,
Nis = 12, the proposed SSM scheme can achieve better
BER performance over the MBF and RBF. MBF can
achieve the largest instantaneous SNR due to steering to
the cluster which has the largest gain. There are no errors
in detecting the transmission directions since the receiver
knows the transmission direction and forms beam towards
the scattering cluster corresponding to the transmission
scattering cluster. However, since the SSM explores the
additional spatial dimension to modulate information bits,
it can achieve the same spectral efficiency as the MBF
and RBF using smaller modulation constellations, for
example, QPSK vs. 16QAM in the simulation.

o When gains of different scattering clusters are similar to
each other, the benefit from using smaller constellations
will exceed the loss of not steering to the cluster which
has the largest gain. When Ny, is large, it is more likely
to get N, samples relatively large in magnitude, and thus
SSM shows the advantage over other two schemes.

Notice that as the number of antennas increases, we have a
finer spatial resolution and will be able to distinguish more
scattering clusters. Also it has been reported that for some
indoor transmission environments, a large number of observed
scattering clusters (including multiple reflections) exists in the
60 GHz mmWave frequency [11], [12].

V. CONCLUSIONS

In this paper, we have proposed a new spatial scatter-
ing modulation for uplink mmWave communication systems.

—SSM
—=—RBF
——MBF
— Theo-SSM
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Fig. 3. BER performance with N;s = 12.

An analog beamforming and hybrid beamforming have been
employed at the UT and BS to reduce the number of RF
chains. The proposed SSM has leveraged this architecture to
utilize the spatial dimension, inherent to the mmWave channel,
to modulate additional information bits. Comparing to other
transmission schemes such as MBF and RBF that also use
this architecture, the simulation results have shown that since
smaller modulation constellations can be used the proposed
SSM results in better BER performance when the number of
scattering clusters is large.
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