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Abstract

In millimeter wave (mmWave) communication, analog and hybrid beamforming systems are
proposed to reduce the number of RF chains when a large antenna array is utilized to achieve
a high beamforming gain. In this paper, a new transmission scheme is first proposed by lever-
aging the hardware architecture of analog and hybrid beamforming to improve the spectral
efficiency. The new scheme is called spatial scattering modulation (SSM), since it exploits the
spatial scattering dimension to modulate information bits. And then, an adaptive transmis-
sion strategy (ATS) which chooses the best transmission scheme under instantaneous channel
state information, is proposed to improve the performance. Link-level simulation results
demonstrate the superiority of the proposed ATS in all the simulated signal-to-noise (SNR)
values.
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Abstract—In millimeter wave (mmWave) communication, ana-
log and hybrid beamforming systems are proposed to reduce
the number of RF chains when a large antenna array is
utilized to achieve a high beamforming gain. In this paper, a
new transmission scheme is first proposed by leveraging the
hardware architecture of analog and hybrid beamforming to
improve the spectral efficiency. The new scheme is called spatial
scattering modulation (SSM), since it exploits the spatial scattering
dimension to modulate information bits. And then, an adaptive
transmission strategy (ATS) which chooses the best transmission
scheme under instantaneous channel state information, is pro-
posed to improve the performance. Link-level simulation results
demonstrate the superiority of the proposed ATS in all the
simulated signal-to-noise (SNR) values.

Index Terms—Millimeter-wave, spatial scattering modulation,
hybrid transmission.

I. INTRODUCTION

As the increasing demand for high data rates, millimeter
wave (mmWave) radio bands have been attracting more atten-
tion since they provide enormous amount of bandwidth which
is essential in achieving multigigabit data rates. However, a
high path loss has arisen in using mmWave for indoor and
outdoor transmissions system. To deal with this, a highly
directional beamforming has been proposed, which has been
possible by using a large number of antenna elements in a
fixed physical aperture size.

Depending on the hardware architecture, three types of
beamforming can be categorized, namely, digital, analog, and
hybrid [1], [2]. Digital beamforming requires that each antenna
element is connected to its own radio frequency (RF) chain,
whereas analog and hybrid beamforming require that each RF
chain is connected to the antenna array via a phase shifter
array. When the antenna array is large, it is impractical to apply
digital beamforming due to high hardware cost and power
consumption of RF chains. Thus, analog and hybrid beam-
forming systems are more reasonable choices in mmWave
communications systems.

To reduce the number of RF chains, the spatial modulation
(SM) [3], [4] has been proposed. In the conventional SM,
the spatial position of the antenna at the transmitter has
been mainly used to send additional information bits through
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a wireless fading channel. Comparing with the closed-loop
transmit antenna selection (TAS) [5], an antenna switching
in the SM depends on the information bit. Since only one
antenna is activated at any transmission time, inter-channel
interference can be removed from the received signal. Also,
a tight intra-antenna synchronization is not required [6]. The
SM concept has also been generalized such that more than
one antennas are activated to encode information [7], and
extended to the large antenna array scenario [8]. An alternative
multiple-input multiple-output (MIMO) transmission [9] has
been proposed. At symbol time instance, a radiation pattern
is changed. Input information bits are encoded onto angular
variations of the far-field in the wave-vector domain. A similar
concept which applies index modulation (IM) [10], [11] has
been proposed for Orthogonal Frequency Division Multiplex-
ing (OFDM) transmission, namely OFDM-IM transmission
scheme. By employing the IM, only a set of subcarriers
is selected by information bits for transmission, so that the
remaining subcarriers are inactive for transmission. It has been
shown from [10], [11] that OFDM-IM can have a better error
rate performance over a classical OFDM transmission scheme
for a low-to-mid spectral efficiency range.

Motivated by the work in the SM and OFDM-IM, we
propose a new modulation, namely spatial scattering modu-
lation (SSM). In this modulation, we exploit the degrees of
freedom in the spatial angle domain of the scattering clusters.
One spatial angle steering to a single scattering cluster is
determined by the information bits, and this angle is used
to form a directional beam. A modulated symbol is then
transmitted towards this direction by beamforming. Due to
full use of a large antenna array, we are able to form a very
fine spatial resolution as well as a highly directional beam
with a very narrow beam width. This facilitates beamforming
towards a specific scattering cluster. Notice that we consider
the non-line-of-sight (NLOS) scenario in our scheme, which
is common for the outdoor mmWave transmission [12], [13].

An adaptive transmission strategy (ATS) is also proposed
to improve the performance. At each transmission time, one
transmission scheme out of full-SSM (FSSM), partial-SSM
(PSSM), and maximum beamforming (MBF), which provides
the best conditional bit error rate will be chosen. Since this
ATS uses an optimal transmission instantaneously, a better



BER can be promised. The link-level simulations demonstrate
the superiority of the ATS over the other non-adaptive trans-
mission schemes.

A. Organization

This paper is organized as follows. Section II introduces
the hardware architecture and channel model used in the paper,
and basic concept of SSM. In Section III, we propose the ATS,
which chooses the best transmission scheme instantaneously
based on the theoretical bound of the conditional bit error rate.
Section IV presents some simulation results and we conclude
the paper in Section V.

B. Notation

CN (11, 0?) and N (i, 0%), respectively, denote the complex

and real Gaussian distributions with mean 1 and variance o2.

II. SPATIAL SCATTERING MODULATION
A. System and Channel Model

In the proposed system, we adopt analog and hybrid beam-
forming [1], [2] as shown in Fig. 1. In this adoption, we have
considered hardware cost and power consumption, meanwhile
leveraging a large antenna array to achieve a high beamform-
ing gain. In analog and hybrid beamforming, each RF chain
is connected to all antenna elements in the array through a set
of phase shifters. We consider uplink transmission, where the
user terminal (UT) acts as the transmitter, and the base station
(BS) acts as the receiver. The UT has [NV, antenna elements in
the antenna array and we assume that it has limited power and
fabrication cost budget, so that the UT has only one RF chain.
In contrast, the BS has [V, antennas in its antenna array and R
RF chains. We assume R > 1 due to a more powerful hardware
resource at the BS. Since the UT has only one RF chain, it can
only transmit a single stream and perform analog beamforming
that steers to the dominant path direction [1] to achieve a high
beamfoming gain. In contrast, when the receiver has multiple
RF chains (R > 2), it can use any receiver combine method
proposed in [14].

We adopt a narrowband discrete channel model proposed
in [13], [15]. Also, we assume that exact channel state infor-
mation (CSI) is available in the system. The channel matrix
H ¢ CN~*Nt s assumed to be a sum of N,, paths, written

as:
Nis

H =Y pa,(0])af (0] (1
=1

where 3, is the gain of the /th path, and 6] and 60} 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 af?(0!) can be written as [16]:
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Fig. 1: Simplified architecture of the transmitter and receiver
in uplink communications, where 3; denotes the gain of the
[th scattering cluster.

where zp{'é%sin(ﬁl") and wfé%sin(ﬁf), dy,d; denotes an-
tenna spacing at the BS and UT, respectively, A is the wave-
length of the propagation. The employed channel model is a
simplified version of the clustered channel model in [13], such
that we use a representative path to express the total effects of
all paths in a cluster. When N, and NV, is large, which is the
typical assumption in mmWave transmission systems, we have
a. (0 a,.(07) ~ 0,1 # k and a;(0)Ha,(0%) ~ 0,1 # k
[13], [15], [16]. Since transmit and receiver beams can be
narrow interference among scattering clusters is limited. Based
on the knowledge in above, we assume an exact orthogonality
among all AOA’s and AOD’s in this paper:

ar(0) " ar(0;) = 0(1 = k), a:(0)) " as(6) = 6(1 = k) ()

where 0(-) denotes the Dirac delta function. We also make
idealized assumption that accurate channel state information
is available at both transmitter and receiver in order to demon-
strate the proposed SSM schemes and simplify the theoretical
calculations. We leave the development of practical channel
estimation algorithm as well as performance analysis under
non-orthogonal AOA/AOD and imperfect channel estimation
for the future work.

B. SSM Transmission

Due to the adopted architecture in Fig. 1, where the UT
has only one RF chain, the UT can transmit to only one
direction at each transmission time, i.e., steering to only
one scattering cluster. Instead of steering to the cluster that
has the largest gain §;, SSM makes the UT to choose N,
clusters having largest gains out of Ny, clusters as candidate
transmission clusters. Denote the transmitted symbol as s
which has a normalized energy and is selected from M -ary
constellations. Also, p as the transmission direction with unit
norm ||p||2 = 1. Given an independent information bit stream
[b1,b2, b3, by, ...], SSM works as follows:

o Use log,(N;) information bits to determine which scat-

tering clusters is selected for transmission.



« Use next log,(M) information bits to determine which
constellation point is chosen from M-ary constellations.
Then, the received signal at the receiver antenna array is given

by
y=VEHps+n (3)

where E is the transmission energy, and n ~ CN(0, 0%1y,)
is the noise at receiver antennas.

As one example of SSM, let us assume that the UT chooses
N, = 4 scattering clusters as candidate transmission clusters,
and uses QPSK M = 4 for symbol modulation. Without
loss of generality, we assume that the scattering clusters are
indexed with decreasing order of magnitude in such a way that
|B1| > |B2]| > ... > |Bn,.|- Based on two information input
bits [by,bs], one transmission direction vector p steering to
one cluster is determined. Based on the next two bits [bs, by],
one QPSK-modulated symbol is generated. The transmission
direction vector and the modulated symbols are generated
according to the following table.

b1,b2] | 00 01 10 T
P a(0%) | a(6Y) at(0%) a:(0%)

[03,ba] | 00 01 10 1T
P 2.1 B € ) o 33 B € 3

2 V2 V2 2

Thus, as one example of the input bit stream [by, by, bs, bs] =
[1100], the received signal is evaluated as follows:

a+15)
NG

where we have used (2) in the computation of (4).

C. SSM Detection

The BS receives y and combines it using its phase shifter
arrays. Since there is no interference among scattering clusters
as in (2), and only one stream is transmitted from the UT,
from (4), the optimal combiner will be the maximal ratio
combining that steers its beam towards the cluster used by
transmit beamforming. However, there are N, clusters and
the BS has no knowledge about which one was actually used.
With the constraint that N, < R, the BS can utilize its R sets
of phase shifter arrays, each one steering to one candidate
scattering cluster. Thus, the combined signal is given by

aT(H{)H

y = VEa,(0})s 4)

Yo = : Y. ()
ar (ngVS )H

Note that if there are more scattering clusters in the environ-
ment than the number of RF chains in the BS, i.e., N;s > R,
then the UT can choose up to R scattering clusters to perform
SSM.

With the combined signal y., maximum likelihood (ML)
detection is performed to determine which cluster or direction
and what constellation point were used at the UT as:

{(k.s} = argmin |y.(k) — a.(05)" Ha,(0})VEs* (6)

s,ke{l,...,Ns}

where y.(k) denotes the kth element of y.. Equation (6)
shows that we need to detect both transmission direction k
and transmitted symbol s since both of them were used by
information bits. Especially, k reveals the first log,(NN,) bits,
and § reveals the next log, (M) bits.

ITII. ADAPTIVE TRANSMISSION STRATEGY

Since f1, ..., BN, represent small scale fading and change
from one time instant to another, the environment will favor
a different transmission scheme at different transmission time.
The best transmission scheme in minimizing the BER can be
determined instantaneously. Assuming that both UT and BS
can track f;, and if we can quantify the performance metric
of different transmission schemes based on instantaneous (3;,
we can adaptively choose the scheme that provides the best
performance. Based on this concept, we propose the ATS
that computes the conditional bit error rate (CBER) based
on instantaneous fJ;, and chooses the transmission scheme
with the smallest CBER at each transmission time. The ATS
can achieve an instantaneous optimal performance, which
leads to the optimal performance also in average sense. In
the following, we specify three transmission schemes, full
SSM (FSSM), partial SSM (PSSM) and maximal beamforming
(MBF), the ATS will choose instantaneously the best one
among them.

A. FSSM and PSSM

For FSSM, the transmitter utilizes all the Ny (Ns < R)
directions for transmission. Assume the spectral efficiency of
the system is S bits per transmission, therefore for FSSM
the first log, (V) bits are utilized to specify a direction for
transmission, and the remaining S — log, () bits are used
for symbol modulation. In contrast, for PSSM we only utilize
part of N, directions for transmission. Denote N as number
of directions used in PSSM, where N, < Ng, and is typically
chosen as power of two. PSSM will choose from directions
corresponding to 31, ..., . The first logy (V) bits are used
for specifying a direction and the next S — log,(N!) bits for
symbol modulation. For example, consider a target spectral ef-
ficiency of S = 4 and four RF chains at the BS. FSSM chooses
N, = 4 largest scattering clusters and uses log,(N;) = 2 bits
for specifying a direction and S —log, () = 2 bits for QPSK
modulation. PSSM chooses from N, = 2 largest scattering
clusters and uses log,(N%) = 1 bits for choosing a direction
and S — log,(N!) = 3 bits for 8QAM modulation. Thus, at
the same spectral efficiency, PSSM uses a higher modulation
order than FSSM in general.

B. CBER for SSM

When channel gains §;,1 = 1,..., N, are given, assume
k* and s* are the true transmission direction and transmitted
symbol, and k£ and § are detected direction and symbol using



criterion in (6), then the conditional pairwise error probability
(CPEP) is given by

P({k*,s*} — {k, 5} | B1,....BN,) =
P(ly.(k*) — a, (0. )" Ha, (0} )VEs*|* >
lye(k) — a, (07) " Ha, (0)VES)?). (D)

According to the orthogonality provided in (2), for k =
k* or k and s = s* or §, we have

a,(07)Hn, k # k*

r\H
yc(k) = ar(ek) Y= Bk* \/Eb* + ar(ez*)Hn, k= k*.
Thus, (7) can be simplified as (8) at the top of the next page. To
evaluate CPEP, we need to analyze cases k= k* and k #+ k*
separately.

1) CPEP with k = k*: In this case, the detection of
transmission direction is correct, whereas the error comes from
the incorrect detection of transmitted symbol, i.e., § # s*.
Combining (7) and (8), we have

P({k*’ S*} — {k*7 ‘§}|617 cee 7ﬁNs) =
P(la - (05.) " n* > [B-VE(s* = 5) + a,(0.)"nf*) =

«|2F|s* — §|2
Q( /|ﬂk 2(|).2 | )
(€))

where Q(-) denotes the Q-function. We omit the detailed
derivation due to the page limitation.

2) CPEP with k # k*: In this case, the detection of
transmission direction is incorrect, so that we have either
§# s* or § = s*. Again combining (7) and (8), we have

P({k*, 5"} — {k,5} | B1,....Bn,) =

Bl (5)nl? > |a,(6})"n — VES?) =
L BB

5 exXp ( — ki)

202
With the conditional PEPs in (9) and (10), we derive the
CBER using the union bound:

pb(ﬂla-« .,5]\15) S Cl Z ZEb({k*,s*} — {]%,é})

k*.s* k5
P({k*,s*} — {k, 5} | B1,-..,BN,)

where Clém, and N, is the total number of bits
(included in both the direction and the symbol) transmitted
every time, N(k*,s*) denotes the total number of possible
realizations of k* and s*, and Ey({k*,s*} — {lAf,S}) is the
number of erroneous bits when k*, s* are transmitted but fs, s
are received.

Using the same example as in Section II-B, we have N, = 4.
For four possible transmission directions (£*) and four possi-
ble transmitted symbols (s*), there are total 4x4 = 16 possible
realizations of pairs of k* and s*. Thus, N(k*,s*) = 16. If

(10)

an

k=15 = %([bl,bmbg,bd = [0000]), and detected
k=23= 1:/%-7 ([b1, b2, bs, ba] = [0101]), then two bits are

incorrect, so that By ({k*,s*} — {k,3}) = 2 in this case.
From the example, we see that the BER performance (11) is
related to not only the CPEP of some events, but also the
number of scattering clusters and the symbol modulation. The
CBER of both FSSM and PSSM can be calculated using the
same approach as in (11), but with different Ny and N, as
well as conditional variables (31, ..., BN, and 31, ..., Bn:.
C. MBF

The MBF makes the UT steer to the cluster having the
largest gain, i.e., 51 in our assumption. Thus, the transmit
direction vector is given by p = ay(#%). For transmitted
symbol s*, the received signal at the BS is given by

y=VEHps* +n=VEa,(0})pis" +n.

Under assumption that CSI is available at the UT and BS, the
BS has knowledge about the direction of the scaterring cluster
that has the largest gain. Thus, the optimal combiner would
be r = a,(07). After combining, we have

Yo = ry = VEBs* + a,.(67) n.
ML detection of the MBF is given by
§ = argmin|y. — a,(07) Ha,(0})VEs|?

= argmin|yc—\/ﬁﬁls|2
= argmin |[VES (s* — s) + a,.(07)Tn|?.  (12)
S

From (12), the CPEP of the MBF is derived as follows:

P(S* — §|51, . ,BNS) =
P(la, (0 nf2 > |BVE(s" — 3) + a,(07)nf2) =

[1BiPEls* = 3P
oy =) (13

The final CBER for the MBF is upper bounded by using union
bound as:

1
po(Bi,....Bn,) < mgg

B(s" = 8] 1, B ) Eo(s™ 5 8) (14)

where Ny, N(s*), and Ep(s* — §) denote the number of
transmitted bits each time, total number of realizations of s*,
and the number of erroneous bits when s* is transmitted but
§ is received.

D. Discussion

The upper bounds on the CBER for SSM and MBF are
respectively given in (11) and (14). When the signal to noise
ratio (SNR) is large, then the upper bounds become tight
and there exists a dominant term. By the upper bound on Q

function as Q(z) < %e‘é, we can have for (9) and (13) as:

B PEls — 32y _ 1 8- [2E]s™ — 52
o BTET ) (L (B =y
202 2 402
|51|2E|8*—§|2) 1 ( |B12E|s* —§|2>
_— )| < = _— ).
Q( 202 = &P 102

15)



lye (k) — ar(6;-)" Ha (6} )VEs™|”

|yc(];') - ar(e;;)HHat(et];)\/E§|2

la,(65-) " n?,
|ar(9£)Hn — ﬁff\/E§|2, k*
B VE(s* — 8) + a,(05)nf?, k= k.

T

®

As one example, we use a fixed S = 4 with R = 4. For this
case, the dominant terms for each scheme can be computed
as follows:

2
E
FSSM, N, =4,QPSK : exp (- %‘7)
2R
PSSM, N, = 2, 8QAM exp ( - (sz\@)z) and
ag
2p
MBF, 16QAM exp ( - fol 2) (16)
g

which shows how the gain of scattering clusters, (1, 32, 84
affects the performance. For example, MBF will have smaller
CBER when the dominant term in MBF is smaller than

2 2
SSMss, ie. oz > giz. B7 > 56} for N, = 4. and
BiE B3 E 2 10 p2 _ .
Tooz > @ \2/502, g7 > 3+\/§ﬁ2 for N, = 2. Otherwise,

the SSMs will achieve better performance than MBF. Such
observation implies that each transmission scheme can have
different performance when the environment changes, i.e.,
when (1, 02,84 take different values. The benefit of the
proposed ATS comes from its ability to adaptively choose the
best scheme according to the current environment, i.e., the
instantaneous [3;’s.

IV. SIMULATION RESULTS

In this section, we present simulation results. We assume
both the BS and UT have 32 antenna elements in the antenna
array, N; = N, = 32. In the following figures, the curves
obtained by actual link simulations are denoted by Ex, whereas
the curves obtained by union bound are denoted by Bound.

There is one RF chain at the UT, whereas R = 4 RF
chains at the BS, which implies that Ny < 4. We compare
the following scheme as

1) FSSM which applies SSM with N, = 4,

2) PSSM which utilizes SSM with Ny = 2,

3) MBF,

4) ATS which adaptively chooses one best scheme out of
FSSM, PSSM, and MBF.

We assume that a gain of the scattering cluster is distributed
according to 3; ~ CN(0,7v;), where v, = 107912 with
21 ~ N(0,€?),VI. A variance of the scattering cluster gain is
distributed according to lognormal distribution with a variance
€2 [12]. The AOA and AOD of Ny, clusters are randomly
picked from Discrete Fourier Transform (DFT) grid in order
to agree with the orthogonal constraint in (2). For fair compar-
isons, we constrain the spectral efficiency of the system to be
four bits per transmission, and have the following transmission
schemes as:

Name FSSM PSSM MBF ATS
Scheme | 4 clusters | 2 clusters | 16QAM | FSSM/
+ QPSK + 8QAM PSSM/

MBF

Fig. 2 shows BER performance of different schemes with a
different number of scattering clusters. This figure shows that
the analytical bounds and simulation results match well for
the considered schemes as the SNR increases. We assumed
€2 = 1 in the simulations. It shows that when N, = 6 and
N¢s = 12, MBF achieves better average BER performance
comparing to FSSM and PSSM. However, as N;, increases,
performance gap between MBF and SSMs becomes smaller.
In all the SNR range, the ATS achieves the best performance
of all.

BER

1
SNR|dB]

Fig. 2: BER performance for various transmission schemes
with Ns = 6 and Ny, = 12.

For the same channel model, Fig. 3 shows the impact of
a large number of total scattering clusters Ny, on the BER.
In this experiment, we set N;s = 18. This figure shows that
the existence of a larger number of total scattering clusters is
more beneficial to SSM (for both FSSM and PSSM). Similar
to the previous experiment with N;; = 6, the ATS achieves
the best BER performance in all the SNR range. Although
the average BER of MBEF is better than those of FSSM and
PSSM, the ATS gets benefits from their instantaneous BER
performance. Especially, NV;; = 18 provides ATS with 10 dB
gain at 1 x 10~* BER over the case of Ny, = 6.

Fig. 4 illustrates a selection probability of three non-
adaptive transmission schemes for a different number of
scattering clusters. This figure shows that as either the SNR
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Fig. 3: BER performance for various transmission schemes
with N5 = 18.
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Fig. 4: Selection probability for non-adaptive transmission
schemes.

or the number of scattering clusters increases, the selection
opportunity for FSSM and PSSM increases. The result in Fig.
4 reflects the results in Figs. 2 and 3, where average BERs
are dominated by the worst performance. When N;; = 18,
although MBF can achieve better BER performance over SSM
schemes in average sense, there exist more transmission times
that the SSM schemes achieve the smallest instantaneous BER.
Even for N;; = 6, there are about 45% of time that the
SSM schemes (FSSM and PSSM) can achieve better instanta-
neous BER. This make ATS improve BER performance in
all the SNR range. Simulation results also imply that the
SSM schemes favor a larger number of clusters N, so that
Ny < N4 chosen clusters can have more similar cluster gains.
From the example as shown in (16) where the dominant terms
of the upper bounds are derived, when N clusters have similar
gains, the conditions 57 > 537 and A2 > 12132 are less

. . 3+v372
likely to be satisfied, thus SSM schemes are more likely to

achieve better performance than MBF.

V. CONCLUSION

In this paper, we have proposed a spatial scattering modula-
tion scheme, which utilizes the spatial dimension to modulate
additional information bits. The proposed scheme leverages
the architecture of analog and hybrid beamforming, which is
more practical in mmWave communications systems. Based
on the derivation of CBER, we have designed the ATS, which
chooses the transmission scheme that provides the best CBER
at each transmission time. Simulation results have shown that
the ATS achieves the best BER for all the SNR region. As
the total number of scattering clusters or SNR increases, it
is also shown that the ATS achieves better performance than
non-adaptive transmission schemes.
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