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Abstract—Media-based modulation (MBM) is a recently pro-
posed modulation scheme which uses radio frequency (RF)
mirrors at the transmit antenna(s) in order to create different
channel fade realizations based on their ON/OFF status. These
complex fade realizations constitute the modulation alphabet.
MBM has the advantage of increased spectral efficiency and per-
formance. In this paper, we investigate the performance of some
physical layer techniques when applied to MBM. Particularly,
we study the performance of ;) MBM with generalized spatial
modulation (GSM), i) MBM with mirror activation pattern
(MAP) selection based on an Euclidean distance (ED) based
metric, and ¢i:) MBM with feedback based phase compensation
and constellation rotation. Our results show that, for the same
spectral efficiency, GSM-MBM can achieve better performance
compared to MIMO-MBM. Also, it is found that MBM with ED-
based MAP selection results in improved bit error performance,
and that phase compensation and MBM constellation rotation
increases the ED between the MBM constellation points and
improves the performance significantly.

keywords: Media-based modulation (MBM), RF mirrors, mirror ac-
tivation pattern (MAP), MIMO-MBM, GSM-MBM, MAP selection, phase

compensation, constellation rotation.

I. INTRODUCTION

Traditionally, symbols chosen from complex modulation
alphabets like quadrature amplitude modulation (QAM) and
phase shift keying (PSK) are used to convey information bits,
and complex fades introduced by the channel are viewed as
detrimental effects that cause amplitude and phase distortion to
the transmitted symbols. An alternate and interesting approach
is to consider the complex channel fade coefficients themselves
to constitute a modulation alphabet. One simple and known
example of this approach is space shift keying (SSK) [1],[2],
which can be briefly explained as follows.

1) SSK: Suppose there are two transmit antennas and one
receive antenna. Assume rich scattering. Let hy ~ CN(0,1)
and hy ~ CN(0,1) denote the complex channel fade coef-
ficients from transmit antennas 1 and 2, respectively, to the
receive antenna. Now, assuming that a tone of unit amplitude
is transmitted by any one of the transmit antennas in a
given channel use, H £ {h;,hy} can be viewed as the
underlying modulation alphabet, i.e., h1 and ho are the random
constellation points. The alphabet H therefore can convey
log, |H| = log, 2 = 1 information bit. To realize this, if the
information bit is 0, antenna 1 transmits the tone and antenna
2 remains silent, and if the information bit is 1, antenna 1
remains silent and antenna 2 transmits the tone. For this, it is
enough to have only one transmit radio frequency (RF) chain,

whose output is switched to either antenna 1 or antenna 2
depending on the information bit being 0 or 1, respectively.
The modulation alphabet (i.e., H) needs to be known at the
receiver for detection, which can be obtained through pilot
transmission and channel estimation. Note, however, that the
transmitter need not know the alphabet H. The information bit
is detected using the estimated H at the receiver.

Similar to the binary SSK scheme with |[H| = 2 de-
scribed above, higher-order SSK with |H| = n; and H =
{h1,h2, -+ ,hn,} can be realized using n; = 2™ transmit
antennas, and sending the tone on an antenna chosen based
on m information bits. Therefore, using n, = 2™ transmit
antennas, SSK achieves a throughput of m = log, n; bits per
channel use (bpcu).

If the receiver has n, receive antennas, then the alphabet
H will consist of vector constellation points, i.e., H =
{hl,h27' N 7hn1}a where hj = [hl,j h27j . hnr,j]T’ and
hij ~ CN(0,1) is the channel fade coefficient from jth
transmit antenna to ¢th receive antenna (see Fig. 1(a)). Because
of the increased dimensionality of the constellation points for
increasing n,., the performance of SSK improves significantly
with increasing n,.. SSK has the advantages of i) requiring
only one transmit RF chain and a 1 x n; RF switch for any n,
and 47) yielding attractive performance at high bpcu values. A
key drawback, however, is that SSK needs exponential increase
in number of transmit antennas to increase the bpcu. For
example, to achieve m = 8 bpcu, SSK requires n; = 28 = 256
transmit antennas. This drawback of the need to have a
large number of transmit antennas to increase the bpcu is
significantly alleviated in the recently proposed media-based
modulation (MBM) scheme [3]-[6], realized through the use
of RF mirrors which are turned ON/OFF' on a channel use-by-
channel use basis depending on information bits to ‘modulate’
the fade coefficients of the channel [6]. The basic MBM can
be briefly explained as follows.

2) MBM: The basic version of MBM, like SSK, trans-
mits a tone and uses the complex channel fade realizations
themselves as the modulation alphabet [3]-[S]. While multiple
transmit antennas are needed to create the complex fade sym-
bols of the alphabet in SSK, MBM creates the complex fade
symbols of the alphabet even with a single transmit antenna
through the use of multiple RF mirrors [6]. This is achieved
by placing a number of RF mirrors near the transmit antenna

'An RF mirror in ON status implies that the mirror allows the incident
wave to pass through it transparently, and an OFF status implies that the
mirror reflects back the incident wave.
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which transmits a tone. The ON/OFF status of these mirrors,
which we call as the ‘mirror activation pattern, creates dif-
ferent fade realizations for different mirror activation patterns.
This is typical in a rich scattering environment, since a small
perturbation in the propagation environment will be augmented
by reflections resulting in an independent channel, and the
RF mirrors essentially create such perturbations that create
independent fade realizations for different mirror activation
patterns.

Consider a single transmit antenna. Let M,y denote the total
number of RF mirrors placed near the antenna. We call the
unit comprising of a transmit antenna and the set of M,
RF mirrors associated with it as the ‘MBM transmit unit
(MBM-TU)’ (see Fig. 1(b)). Out of the M, available RF
mirrors, let m,y, where 1 < m,y < M, s, denote the number
of RF mirrors actually used. Each of these m,.; mirrors is
turned ON or OFF in a given channel use based on one
information bit. A realization of the ON/OFF status of all the
m,y mirrors, determined by m,.; information bits, is called a
mirror activation pattern (MAP). Therefore, 2™~/ MAPs are
possible. Each of these patterns results in a different realization
of the channel fade, resulting in an MBM alphabet of size
|H| = 2™7. Therefore, MBM can convey m,; information bits
in one channel use, where m,.y is the number of RF mirrors
used. That is, the bpcu in MBM scales linearly with the number
of RF mirrors used. This is one of the key advantages of MBM
over SSK, because the bpcu in SSK scales only logarithmically
in the number of transmit antennas, given by log, ny.

As in SSK, in MBM also the alphabet H needs to be
known at the receiver and not at the transmitter. All the
|H| = 2™/ complex fade symbols in the MBM alphabet need
to be estimated through pilot transmission. This implies that
the number of channel uses needed for pilot transmission in
MBM grows exponentially with the number of RF mirrors used.
Channel sounding to learn the alphabet a priori, therefore, is
a key issue in MBM.

MBM has been shown to achieve significant performance
gains compared to conventional modulation schemes [3]-[5].
Even with a single transmit antenna and n, receive antennas,
MBM has been shown to achieve significant energy savings
compared to a conventional n, X n; MIMO system with
n, = ng [3]. It has also been shown that MBM with 1 transmit
and n, receive antennas over a static multipath channel asymp-
totically achieves the capacity of n, parallel AWGN channels

[4]. Implementation of an MBM-TU consisting of M,y = 14
RF mirrors placed in a compact cylindrical structure with a
dipole transmit antenna element placed at the center of the
cylindrical structure has been reported in [6].

3) SM, GSM, MIMO: The need to exponentially increase
the number of transmit antennas to increase the bpcu in
SSK can be alleviated by allowing the transmission of M-
ary QAM/PSK symbols on the chosen antenna instead of a
tone. This allows an additional log, M bits to be conveyed
per channel use by the QAM/PSK symbol. This scheme is
called the spatial modulation (SM) scheme, which achieves
a spectral efficiency of log, ny + log, M bpcu [7],[8],[9]. A
further generalization is to use more than one transmit RF
chain (say, n,s transmit RF chains, 1 < n,y < ny), and
transmit n,y QAM/PSK symbols through these RF chains.
This scheme is called as the generalized spatial modula-
tion (GSM) scheme, whose spectral efficiency is given by
|log, (n":f)J + n,¢ logy M bpcu [10],[111,[12]. For n, 5 = ny,
the GSM scheme specializes to the well known MIMO (spatial
multiplexing) scheme, whose spectral efficiency is given by
nt loge M bpcu.

4) SM-MBM, GSM-MBM, MIMO-MBM: Multiple MBM-
TUs (i.e., multiple transmit antennas, each having its own set
of RF mirrors) can be used to increase the spectral efficiency
in MBM. Also, like QAM/PSK symbols (as in SM) and
additional transmit RF chains (as in GSM, MIMO) could be
used to increase the bpcu beyond that can be achieved using
SSK, one could use a similar approach to increase the bpcu
beyond that can be achieved using the basic MBM. Spatial
modulation when used with MBM is referred to as the SM-
MBM scheme, whose spectral efficiency is given by m,f +
[logy 1ty | +1ogs M bpeu, where ny,, is the number of MBM-
TUs. Similarly, GSM and MIMO (spatial multiplexing) when
used with MBM are called GSM-MBM and MIMO-MBM,
respectively. The spectral efficiency of GSM-MBM is given
by n,pmyy + |logy (Z;;)J + nyylogy M bpcu. The spectral
efficiency of MIMO-MBM is given by ns,my s + 1y, logy M
bpcu. The performance of MIMO-MBM has been studied in
[6], where it has been shown that MIMO-MBM can achieve
better performance compared to conventional MIMO. GSM-
MBM performance has not been studied in [6]. One of our
contributions in this paper is to present the performance of
GSM-MBM and compare it with that of MIMO-MBM.

5) MBM viewed as an instance of index modulation: MBM
can be viewed as an instance of index modulation, where
information bits are conveyed through the indices of certain
transmit entities that get involved in the transmission. Indexing
transmit antennas in multi-antenna systems (e.g., SSK, SM,
GSM [11,[2],[7]-[12]), indexing subcarriers in multi-carrier
systems [13]-[16], indexing both transmit antennas and sub-
carriers [17], and indexing precoders [18] are examples of
such instances. In this context, MBM also can be viewed as
an index modulation scheme, where RF mirrors act as the
transmit entities that are indexed to convey information bits.
In SM-MBM and GSM-MBM, indexing is done both on the
MBM-TUs as well as the RF mirrors in each of the chosen



MBM-TUs for transmission.

A common observation in index modulation schemes is that,
to achieve a certain bpcu, because of the indexing bits, the
number of bits conveyed through QAM/PSK symbols can be
reduced compared to that in conventional modulation schemes.
That is, to achieve a certain bpcu, index modulation schemes
can use a smaller-sized QAM/PSK alphabet compared that in
conventional modulation schemes. This results in an signal-to-
noise (SNR) advantage in favor of index modulation. Through
the indexing of RF mirrors, MBM also can achieve such SNR
gains over conventional modulation schemes.

6) Contributions in this paper: In this paper, we investigate
the performance of some physical layer techniques when
applied to MBM. These techniques include generalized spatial
modulation, MAP selection (analogous to antenna selection in
MIMO systems), and phase compensation and constellation
rotation. Our contributions in this paper can be summarized
as follows.

o We study the performance of MBM with generalized spa-
tial modulation (referred to as GSM-MBM), and compare
its performance with that MIMO-MBM. Our results show
that, for the same spectral efficiency, GSM-MBM can
achieve better performance compared to MIMO-MBM.
An union bound based upper bound on the average bit
error probability (BEP) of GSM-MBM is shown to be
tight for moderate-to-high SNRs.

o« We investigate a MAP selection scheme based on an
Euclidean distance (ED) based metric, and compare its
bit error performance with that of a mutual information
(MI) based MAP selection scheme. The ED-based MAP
selection scheme is found to perform better than the
MlI-based MAP selection scheme by several dBs. The
diversity order achieved by the ED-based MAP selection
scheme is shown to be n,.(2Mrs — 2mrs 4 1), which is
validated through simulations as well.

o« We investigate a scheme with feedback based phase
compensation and MBM constellation rotation, which
increases the ED between the constellation points and
improves the bit error performance significantly.

The rest of this paper is organized as follows. Section II
presents the GSM-MBM scheme and its performance. Section
IIT presents the ED-based MAP selection scheme and its
performance. Section IV presents the feedback based phase
compensation and constellation rotation scheme and its per-
formance. Conclusions are presented in V.

II. GSM-MBM SCHEME

In this section, we introduce the GSM-MBM scheme and
analyze its bit error performance. The GSM-MBM transmitter
is shown in Fig. 2. It consists of 1y, MBM-TUs, n,.; transmit
RF chains, 1 < n,y < ng,, and an n,y x ng, RF switch.
In each MBM-TU, m,.; RF mirrors are used. In GSM-MBM,
information bits are conveyed using MBM-TU indexing, RF
mirror indexing, and QAM/PSK symbols, as follows. In each
channel use, ¢) n.y out of ny,, MBM-TUs are selected using

[log, (Z:;)J bits, i¢) on the selected n,; MBM-TUs, n,; M-
ary QAM/PSK symbols (formed using n,slogy M bits) are
transmitted, and #4i) the ON/OFF status of the m,,. ¢ mirrors in
each of the selected MBM-TU is controlled by m,.; bits (so
that all the n, ym,; mirrors in the selected n,; MBM-TUs
are controlled by n,ym,s bits). Therefore, the achieved rate
in bpcu is given by

Ny
n= {logQ( t )J + nppmey + npplogy M bpeu. (1)
Torf N—— ~———

mirror index bits QAM/PSK symbol bits
MBM-TU index bits

GSM-MBM specializes to SIMO-MBM when ny,, = n,y = 1,
to SM-MBM when ny,, > 1 and n,.y = 1, and to MIMO-MBM
when 1, > 1 and n,p = Ny

A. GSM signal set

Let A denote the M-ary QAM/PSK alphabet used. In a
given channel use, each of the n;, MBM-TUs is made ON
(and a symbol from A is sent) or OFF (which is equiva-
lent to sending 0) based on information bits. Let us call a
realization of the ON/OFF status of the n.,, MBM-TUs as
a ‘MBM-TU activation pattern’. A total of (Zf“) MBM-TU

s
o . log, (tu
activation patterns are possible. Out of them, only 2L 082 ("rf)J

are needed for signaling. Let S; denote the set of these

QUOgQ (’?’:1;)] MBM-TU activation patterns chosen from the
set all possible MBM-TU activation patterns. A mapping is
done between combinations of |log, (ijj)] bits to MBM-TU
activation patterns in S;. The GSM signal set, denoted by Sgem,
is the set of ny, X 1-sized GSM signal vectors that can be
transmitted, which is given by

Sesm = {s:s; € AU{0}, Isllo =nrp, Z(s) €S}, (2

where s is the ny, x 1 transmit vector, s; is the jth entry of
S, 7 =1,2-++ ng, ||s|lo is the lp-norm of the vector s, and
Z(s) is a function that gives the MBM-TU activation pattern
for s. For example, when A is BPSK, nt, = 4 and n,y = 3,
s=[+1 0 —1 —1] is a valid GSM signal vector, and Z(s)
in this case is given by Z(s = [+1 0 —1 —1]7) =[1 01 1].

B. GSM-MBM received signal

In GSM-MBM, in addition to the bits conveyed by the GSM
signal vector, the channel fade symbols created by the RF mir-
rors in the active MBM-TUs also convey additional bits. Let
n, denote the number of receive antennas. Since 1,y mirrors
are used in each MBM-TU, the number of mirror activation
patterns (MAPs) on each MBM-TU is given by N,,, = 2"/,
Let S, denote the set of all N,,, MAPs per MBM-TU. Let H’
denote the MBM alphabet of size N,,, consisting of n, x 1-
sized vector constellation points formed using the channel fade
coefficients corresponding to the N,,, MAPs of jth MBM-TU
to the receive antennas. Let hy, = [h] , h}, --- bl ]7 de-
note the n, x 1-sized channel coefficient vector at the receiver
for the kth MAP of the jth MBM-TU, where k!, ~ CN(0,1)
is the fade coefficient corresponding to the kth MAP of
jth MBM-TU to the 4th receive antenna, ¢ = 1,2,--- ,n,,
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Fig. 2. GSM-MBM transmitter.

1,2,
HY = {hjl,hg,-“
QAM/PSK symbol transmitted on the jth MBM-TU. The
received signal vectory = [y1 y2 - -+ yn,]T in a given channel
use is then given by
Nty
y = Z sjhy. +m, (3)
j=1

s Mg, and k = 1,2,---  Np,. We then have
hyy }. Let s; € A denote the M-ary

j =

where s; € AU {0}, I; € {1,---,N,} is the index
of the MAP chosen on the jth MBM-TU, h{j c W/,
and n = [n; ny --- n, |7 is the additive noise vector,
whose elements are i.i.d. and distributed as CA/(0,0?). Let
H/ = [h] h} --- h}, ] denote the 7, x N,, channel matrix
corresponding to the jth MBM-TU. The received vector y in
(3) can be written as
Nty
y = Z stjelj +n, 4)
j=1
where e;; is an N, x 1 vector whose [jth coordinate is
1 and all other coordinates are zeros. Now, defining H =
[H! H? ... H"t] as the overall n, x N,,,n4, channel matrix,
we can write y as
y = Hx + n, 5)
where x belongs to the GSM-MBM signal set Sgsm-mbm, Which
is given by
Sgsm—bmb = {X = [X? X2T X»,j;tu]T
lj S {1, ,Nm}; s = [51 Sg -

P Xj = Si€l
Sntu]T € Sgsm} . (6)
The maximum likelihood (ML) decision rule is given by

X = argmin |y — Hx|? (7
XGSgsm—mbm

The bits corresponding to x are demapped as follows: i) the
MBM-TU activation pattern for s gives |log, ('**)] MBM-

ng
’I‘er
TU index bits, i¢) the non-zero entries in s gives n, s logy M

QAM/PSK bits, and i) for each non-zero location j in s, l;
gives m,y mirror index bits; since s has n,.; non-zero entries,
a total of n,.ym,; mirror index bits are obtained from /;’s.

C. Average BEP analysis

The ML decision rule for GSM-MBM is given by (7).
The conditional pairwise error probability (PEP) of x being
decoded as x can be written as

P(x > x|H) = P (Jly - Hx|? > |y - HR|)[H) . (8)
From (5), we can write (8) as
P(x —xH) = P (|n]? > ||H (x — %) + n|]?[H)
= P (2R (n'H (x - x)) > [H (x — %) |*|H), ()
where R(.) denotes real part, ()Jr denotes conjugate transpose,

and 2R (n"H (x — x)) is a Gaussian random variable with
zero mean and variance 202||H (x — x) ||%. Therefore,

Q(VIHG=%/27). (10)

The computation of the unconditional PEP P (x — X) requires
the expectation of the @ (.) function in (10) w.r.t. H, which
can be obtained as follows [19]:

P(x — %) =Ey {P (x — %|H)}
—En {Q (VIHx-%)?/20) }
oS ("7 Y a- e an

. (3
=0

P(x—%xH) =

where f (3) £ %(1— ,/Lfﬁg, and § £ %. Now, an
upper bound on the average BEP for GSM-MBM based on

union bounding can be obtained as

PB<1ZZP(X~>)~C)6();5(),

= oy
X X#x

12)

where § (x,X) is the number of bits in which x differs from %.
The BEP upper bound for SIMO-MBM can be obtained from
the above expression by setting ns, = n,y = 1. Likewise,
the BEP upper bound for MIMO-MBM can be obtained by
setting 1y, > 1 and n,p = nyy.

D. Results and discussions

1) Comparison between systems with and without RF mir-
rors: First, in Fig. 3, we illustrate the effectiveness of SIMO-
MBM scheme with RF mirrors compared to other popularly
known multi-antenna schemes without RF mirrors. The bpcu is
fixed at 8 bpcu for all the schemes considered. All the schemes
use n,, = 16 and ML detection. The schemes considered are:

1) SIMO-MBM with ng, = nyy = 1, myy = 6, and 4

QAM (6 bits from indexing RF mirrors and 2 bits from
one 4-QAM symbol).

2) MIMO (spatial multiplexing) with n; = 2, n,y = 2, and

16-QAM (8 bits from two 16-QAM symbols).

3) MIMO (spatial multiplexing) with n; = 4, n,y = 4, and

4-QAM (8 bits from four 4-QAM symbols).
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Fig. 3. BER performance comparison between SIMO-MBM with RF mirrors
and other multi-antenna schemes without RF mirrors (MIMO, SM, GSM) at
8 bpcu and n, = 16.
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Fig. 4. BER performance of SIMO-MBM, MIMO-MBM, and GSM-MBM
with n, = 8, and 10 bpcu. SIMO-MBM: n¢, = ney = 1, mpp = 4,
64-QAM. MIMO-MBM: n¢y = nyp = 2, myy = 2, 8-QAM. GSM-MBM:
Nty = 4, Npp = 2, mpy = 2, 4-QAM.

4) SM with n; = 4, n,y = 1, and 64-QAM (2 bits
from indexing antennas and 6 bits from one 64-QAM
symbol).

5) GSM with n; = 4, n,y = 2, and 8-QAM (2 bits from
indexing antennas and 6 bits from two 8-QAM symbols).

6) GSM with n; = 4, n,y = 3, and 4-QAM (2 bits
from indexing antennas and 6 bits from three 4-QAM
symbols).

It can be seen that SIMO-MBM scheme with RF mirrors
achieves significantly better bit error rate (BER) performance
compared to other multi-antenna schemes which do not use
RF mirrors. This illustrates the BER performance advantage
possible with systems that employ media-based modulation
using RF mirrors.

2) Comparison between SIMO-MBM, MIMO-MBM, GSM-
MBM: Next, we evaluate the BER performance of GSM-

=@=SIMO-MBM : 1y = n,p = 1,m,y = 4, 64-QAM
=@=MIMO-MBM : ny, = 1,y = 2,m,y = 2, 8-QAM
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4

10 bpcu, MLD

Average SNR required in dB to achieve 10

5 I I I I
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Number of receive antennas, n

Fig. 5. Average SNR required to achieve 10~* BER as a function of n,. for
the three schemes considered in Fig. 4 (SIMO-MBM, MIMO-MBM, GSM-
MBM) at 10 bpcu.

MBM scheme through analysis and simulations. We also
evaluate the bit error performance of SIMO-MBM and MIMO-
MBM schemes for comparison. We compare these three
schemes for the same bpcu. Figure 4 shows the BER per-
formance comparison between the following schemes, namely
SIMO-MBM, MIMO-MBM, and GSM-MBM schemes, all
achieving the same 10 bpcu:

1) SIMO-MBM using ng, = n,y = 1, m,y = 4, and 64-
QAM (4 bits from indexing mirrors and 6 bits from one
64-QAM symbol).

2) MIMO-MBM using ng, = nyy = 2, myy = 2, and
8-QAM (4 bits from indexing mirrors, 6 bits from two
8-QAM symbols).

3) GSM-MBM using ny, = 4, nyy = 2, myy = 2, and 4-
QAM (4 bits from indexing mirrors, 2 bits from indexing
MBM-TUs, and 4 bits from two 4-QAM symbols).

All the three schemes use n,, = 8 and ML detection. The
following observations can be made from Fig. 4. The analytical
upper bound is tight for moderate-to-high SNRs. MIMO-MBM
achieves better performance compared to SIMO-MBM. For
example, at a BER of 10—%, MIMO-MBM requires about
4.4 dB less SNR compared to SIMO-MBM. Also, GSM-
MBM is found to perform better than both SIMO-MBM and
MIMO-MBM. For example, at 10~ BER, GSM-MBM gives
an SNR advantage of about 3.2 dB and 7.8 dB over MIMO-
MBM and SIMO-MBM, respectively. This is because more
bits are conveyed through spatial indexing in GSM-MBM (i.e.,
through indexing of mirrors and MBM-TUs), which results
in a reduced QAM size (4-QAM for GSM-MBM compared
to 8-QAM and 64-QAM for MIMO-MBM and SIMO-MBM,
respectively).

Figure 5 shows a performance comparison between SIMO-
MBM, MIMO-MBM, and GSM-MBM schemes with 10 bpcu
as a function of n,. It shows the average SNR required to
achieve a target BER of 10~* for increasing values of n,
in the three schemes considered in Fig. 4. It can be seen



that, as observed in Fig. 4, GSM-MBM achieves significant
SNR gains compared to MIMO-MBM and SIMO-MBM. The
results, therefore, show that GSM is an attractive physical layer
technique which can be beneficial when used in MBM. Note
that SIMO-MBM, MIMO-MBM, and GSM-MBM schemes
do not need any feedback for their operation. In the next
two sections, we study how feedback based physical layer
techniques can be beneficial when used in MBM schemes.

III. ED-BASED MAP SELECTION

In practice, an MBM-TU may be designed to have more
RF mirrors available for use than the number of RF mirrors
actually used. Let M,.; denote the number of mirrors available
in an MBM-TU!. This means that the maximum number of
channel fade symbols (aka MBM constellation points) that
can be generated by the MBM-TU is 2Mr7 ie., one MBM
constellation point per MAP. But not all 27 MAPs, and
hence not all the corresponding MBM constellation points
may be used. Only a subset of the 2’ MAPs, say 277,
myp < M,y, MAPs are actually used to convey m,s bits
through indexing mirrors. Now, one can choose the best subset
of 277 MAPs from the set of all 2"/ possible MAPs. In
other words, select the best 2™7/ among the oMy MBM
constellation points and form the MBM alphabet H of size
|H| = 2™~/ constellation points. Such MAP selection in MBM
can be viewed as analogous to transmit antenna selection
(TAS) in multi-antenna systems, where a subset of antennas
among the available antennas is selected for transmission and
the selection is based on channel knowledge.

Here, we consider MAP selection in MIMO-MBM. Let S,
denote the set of all possible MAPs per MBM-TU. So, [Sy| =
2Mrs  Let Sqyp denote a possible subset of Sy, where [Sqyp| =
2mrf myy < M, s. The receiver estimates all the |S,;| MBM
constellation points for every coherence interval, selects the
best |Sgup| constellation points among them, and conveys the
indices of the corresponding MAPs to the transmitter. The
transmitter uses these selected MAPs to index the mirrors in
that coherence interval.

We consider two MAP selection schemes, one that uses an
MI based metric (which is studied in [4],[5]) and another that
uses an ED based metric. The ED based antenna selection
has been studied in the context of SM systems in [20]. In
what follows in this section, we present these MAP selection
schemes and their BER performance.

A. MI-based MAP selection

In [4],[5], a selection scheme that chooses the MBM con-
stellation points with the highest energies is studied. This
scheme is motivated by the observation that mutual informa-
tion is proportional to the energy (norm) of the MBM constel-
lation point, and hence selecting the MBM constellation points
with the highest energies maximizes the mutual information.

A typical implementation of an MBM-TU reported in the literature has
M.y = 14 RF mirrors available [6].

Let {lj1,0j2, - ,ljjs,,|} be the set of MAP indices corre-
sponding to the [Sq| largest energies for the jth MBM-TU,
which expects that

[ | T e | i

j=1,2,--- ng, . The received signal vector considering this
MAP selection is given by

1%,
J1Ssup | \qn\

y = Hyx +n, (13)

where H,, is the channel matrix of size 1, X7, [Sqs|, given by
H,, = [H}, H2, --- H"«], and HI, = [hj hj h{m |
That is, the selected MBM vector constellatlon points o ball
the MBM-TUs form the column vectors of the H,,; matrix. At
the receiver, ML detection is performed using the knowledge
of the channel matrix H,;. It can be seen that the order of
complexity of this MAP selection scheme per MBM-TU is
O (|San|)- Hence, the order of total complexity is O (14, |San|)-

B. ED-based MAP selection

Another way to do MAP selection is to choose the best
MBM constellation points based on ED. Let Z7 denote the
collection of sets of MAP indices corresponding to the enu-
merations of the (I‘Ssdll‘l) combinations of selecting |Seub| out of

|San| MAPs of the jth MBM-TU. Let £ denote the following
set, defined as

L::{]L: {H-‘17H-‘25"' a]Lntu} : ]LJ GIJ,j = {15 7ntu}-

Among the | L] possible sets, choose that set which maximizes
the minimum Euclidean distance among all possible transmit
vectors. That is,

Lgp = argmax minX [[HL (x1 —x2) ||? 7, (14)

LeL x,l(vl’;z)i
where Hy, is the channel matrix of size n, x ntu|Ssub| corre-
sponding to the set L, given by Hy = [H} H? ... H'"],
H = [h] hj hjﬂgm‘] lj, is the kth element in the set
L7, and X represents the set of all possible transmit vectors.
The received signal vector considering this MAP selection is

given by

y = Hp,x+n (15)

At the receiver, ML detection is performed using the knowl-

edge of the channel matrix Hy.,. The order of complexity for

computing (14) is O (|£[|X|?), where |£| = (I‘sa““)nm and
sub

|X| = (|Ssub|M)mu’

1) Diversity analysis: In this subsection, we present an
analysis of the diversity order achieved by the ED-based MAP
selection scheme. We can write Hy, as Hy, = HAj, where
H is the channel matrix of size n, X ntu|Sau| given by H =
[H1 H? . H’“U] H = [h] hJ IS ‘} Ay is the MAP
selection matrix of size ny, [Su| X nm\Sgub| corresponding to
the set IL, given by Aj = diag{Ap:, A1, -+ ,Aprn }, and

A = [eg, e, "'elj|§.b|]' Note that for every j, Ap; can



have at most one non-zero element in each row and each
column. Now, (14) can be written as

Ly = argmax{ min [[HAp (x; —x2)|?
LeL X1,X2€X
X17X2
= argmax{ min |[H(z; —2z)[*;, (16)
LeL Z1,Z22€AL
z17#22

where A, is the set corresponding to L defined as A, = {z :
z = Arx,x € X'}. Let AAL be the set of difference vectors
corresponding to the set A, i.e., AX, = {z1 — 22 : 21,22 €
AXL,21 # z2}. Let AD be the set of matrices defined as

AD:{D: [didy - djg]:dp € DXL, k=1, ,|£|},

where L, is the kth element in the set £. The size of each
matrix in AD is 14, |San| % |£]. The following proposition gives
the diversity order achieved by the ED-based MAP selection
scheme in MIMO-MBM.

Proposition 1. The diversity order achieved by the ED-
based MAP selection scheme in MIMO-MBM is given by d =
e (|Sall| - |Ssub| + 1)-

Proof: The proof is given in the Appendix.
It can be shown that the diversity order achieved by ED-
based MAP selection in GSM-MIMO is also given by d.

C. Results and discussion

In Fig. 6, we present a comparison between the BER
performance achieved by MIMO-MBM schemes without and
with MAP selection. Three schemes, all with ny, = n,y = 2,
BPSK, 4 bpcu, and n, = 2, are considered. The first scheme
is a scheme with no MAP selection, i.e., M,y = m,y = 1.
The second scheme is a scheme with MI-based MAP selection
where M,y = 2 and m,; = 1. The third scheme is same
as the second scheme, except that MAP selection is done
based on ED. In all the three schemes, two bits through
BPSK symbols (one bit on each MBM-TU) and two bits
through RF mirror indexing (one bit on each MBM-TU)
result in 4 bpcu. As expected, we observe that the MAP
selection schemes achieve better performance compared to the
scheme without MAP selection. This is because of the better
minimum distance between constellation points achieved by
the selection schemes. We also see that ED-based selection
achieves significantly better performance compared to MI-
based selection. In fact, ED-based selection achieves a higher
diversity order compared to Ml-based selection. Again, the
reason for this is that, because it maximizes the minimum
Euclidean distance, the constellation points chosen by ED-
based selection have better minimum distance between them
compared those chosen by MIl-based selection. This can be
observed in Fig. 7, which shows the constellation diagrams
for the selection schemes with ny, = nyy =n, =1, M,y =
5, myy = 3, and BPSK. The minimum distance between the
constellation points, d,,;,, are 0.0118, 0.3690, and 0.5263 for
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Fig. 6. BER performance comparison between MIMO-MBM schemes without
and with MAP selection, n¢, = ny.p = 2, BPSK, 4 bpcu, and n, = 2: %)
no MAP selection with M.y = m,.; = 1, ii) MI-based MAP selection with
M,y = 2, myy = 1, and ii7) ED-based MAP selection with M,.; = 2,
myp = 1.
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Fig. 7. Constellation diagrams without and with MAP selection. (a) Set of all
constellation points. (b) Constellation points selected by MI-based selection.
(c) Constellation points selected by ED-based selection.

the schemes without selection, MI-based selection, and ED-
based selection, respectively.

Figure 8 presents a validation of the diversity order of ED-
based selection predicted by Proposition 1. The slopes of the
simulated BER plots in the high SNR regime show that the
achieved diversity orders are 3 and 6 for the schemes with
M,y =2, my =1, and n, = 1 and 2, respectively, which
are the same as the ones (i.e., n, (247 — 2™ + 1)) proved
analytically by Proposition 1.

IV. PHASE COMPENSATION AND CONSTELLATION
ROTATION

In this section, we study the performance of another feed-
back based transmission scheme called the phase compensa-
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Fig. 8. Diversity orders achieved by ED-based MAP selection in MIMO-
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tion and constellation rotation (PC-CR) scheme. A PC-CR
scheme in the context of generalized SSK has been studied
in [21]. This scheme exploits the knowledge of the random
channel phases (not the amplitudes) at the transmitter to
enhance performance. The idea is to co-phase the channels
of the active transmit antennas for any spatial-constellation
point. That is, the channel phases are compensated at the
transmitter, which can be viewed as equal-gain combining
(EGC) at the transmitter using knowledge of channel phases
at the transmitter. The co-phased spatial-constellation points
are further phase-rotated by a deterministic angle which is
chosen from [0, 27), so that the minimum Euclidean distance
of the constellation points at the receiver is maximized. Here,
we study the performance of the PC-CR scheme applied to
MIMO-MBM. Consider n;, MBM-TUs at the transmitter,
where each MBM-TU uses m,.; mirrors. Assume that each
MBM-TU transmits a tone.

A. Case of n, =1

Consider the case when n,, = 1. The number of MAPs
is N,, = 2™r7. For every coherence interval, the receiver
estimates all the MBM constellation points, i.e., estimates
h{’k for every k € {1,2,--- N}, 7 € {1,2,--+ ,ng}
Let |h] .| and ¢}, denote the magnitude and phase of
h{k The receiver feeds back all the phases, i.e., gb{k
for every k € {1,2,---,Np}, 7 € {1,2,- - ,nw}, to
the transmitter. Assume that the feedback is perfect. Using
this feedback, the transmitter co-phases (i.e., phase com-
pensates) the channel corresponding to the active MAP
in each MBM-TU. Specifically, let u denote the phase-
compensated transmit vector obtained by multiplying the
transmit vector x by phase compensation matrix, given by
W = diag{[(¢1)" (#1)" - (#7™)"]}, where ¢f =
[e7"911 91z e inn]T, j € {1,2,--+ ,ny}, and
1 =+/—1.

Let Upe £ {u : u = Wx,x € X}, denote the phase-
compensated signal set, where X represents the set of all

possible transmit vectors without phase compensation. After
phase compensation, the resultant phase-compensated transmit
vectors are further rotated to improve performance. Specifi-
cally, denoting the kth vector in Uy as uy, each element in
uy, is rotated by the angle ;. The rotation angles {¢k}‘k)ﬂ1
are chosen such that the minimum Euclidean distance of the
constellation at the receiver is maximized. The optimum angles
are obtained as the solution to the following optimization
problem:

{z/;k}: argmax min ||f11T(ukleWk1 — ukzewh) (R
P €[0,2m) | We1 Uk €Upc
Vi 17k2

where h; = (hiy - hin b3y h%,an' e .h?’t;\xfm]T'
Taking a geometrical view of the above optimization problem,
we can see that its solution is given by ¢ = (k — 1)27/|X|.

Let V,c.; denote the resulting signal set after phase com-
pensation and constellation rotation described above. The kth
vector in V.., denoted by vy, is then given by eruy. The
received signal at the receiver can be written as

y="h{v+n, (17)
and the corresponding ML decision rule is given by
v = argmin |y — hTv|2 (18)

vEVpc-cr

Now, from v, the detected x vector, denoted by X, can be
obtained as x = (V1)” ® ¥, where ® denotes the element-
wise multiplication operator. The X vector is demapped to get
the corresponding information bits.

Performance: Figure 9 shows the BER performance of
MIMO-MBM without and with PC-CR, for ng, = n,; = 2,
myy = 1, tone, 2 bpcu, n, = 1, and ML detection. It can
be seen that the feedback based PC-CR scheme significantly
improves the BER performance. This is because of the max-
imization of the minimum ED at the receiver in the PC-CR
scheme.

B. Case of n, > 1

When there are more than one receive antenna, the phase
compensation presented in the previous subsection for n, =1
is not directly applicable, since there are n, > 1 complex-
valued channels between each MBM-TU and the receiver. Let
b = [hyy oo hin, PRy o B, o B B TT
denote the channel coefficient vector of size N,,, 14, X 1 of the
kth receive antenna, k = 1,2,--- ,n,. Here, we present two
receiver schemes for phase compensation when n, > 1.

1) Receiver scheme 1: A possible extension of phase com-
pensation for multiple receive antennas (n, > 1) is presented
in [22], in which the upper bound on the conditional BEP
for the ML decision rule in (18) is evaluated for each receive
antenna and the receive antenna with the lowest upper bound
is selected. We refer this scheme as receiver scheme 1 (Rx.
scheme 1). The upper bound on the conditional BEP (i.e.,
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Fig. 9. BER performance of MIMO-MBM without and with PC-CR, for
Nty = Npg = 2, Mypy = 1, tone, 2 bpcu, n, = 1, and ML detection.

given h;,) for ML detection in (18) is given by
1 ~ 1) (Vl, VQ)
Ppia, <5, Z Z P (Vl — V2|hk> I

Vi VoF#V]

|]f~1£("21—2v2)|2 5(V17V2). (19)
\ o 7

The receiver selects the receive antenna with lowest upper
bound, i.e.,

-2> Y0

Vi va#Vy

k= argmin

ke{1,2, nr}

PB\ﬁk . (20)

The receiver feeds back all the phases of h;. Let V’ljc_cr
denote signal set corresponding to the phase compensation
and constellation rotation defined as in Sec. IV-A. Only the
selected receive antenna (i.e., l%) will be active and others will

be silent. The received signal can then be written as

y=hlv+n, 1)
and the corresponding ML decision rule is given by
Vv = argmin |y — fl{v|2. (22)

v EV’lgc»cr

Now, from v, the detected x vector, denoted by X, can be
obtained as x = (V1)T ® ¥. A drawback in this scheme is
that it uses only one antenna to receive signal even though
multiple antennas are available at the receiver. To overcome
this drawback, we present another possible extension of phase
compensation scheme for multiple receive antennas, referred
as receiver scheme 2 (Rx. scheme 2) in which signals from
all the receive antennas will be used for detection.

2) Receiver scheme 2: The receiver selects the receive
antenna for phase compensation as in Sec. IV-B1, and feeds
back its corresponding phases to the transmitter. Let k denote
the selected receive antenna, and let V*__ denote signal set

pc-cr
corresponding to the phase compensation and constellation

rotation. The signals from all the receive antennas are used.
Then, the received signal vector is given by

y =Hv +n, (23)

where H is n, x Np,ng, channel matrix given by H =
[h; hy --- h,,]7. Since phase compensation is carried out
based on the phases of kth receive antenna, the effect of phase
compensation needs to be eliminated at other receive antennas.
To account for this, we present the modified decision rule as
follows:

¥ = argmin ||y — HV)v]|?, (24)
vevsc-cr

where HY) £ [flgv) cee ljll(;v) cee flﬁf,,)]T, and ljlgv)’s are given
by

ifi =k

if i # k. 5

) i
h(v) 2 i
‘ { h; o (vi)T

Since x = (¥1)T © ¥, we have (b*))Tv = hTx for i # .
Now, (24) becomes

¢ = argminly; — BTV + 3 [y — BT (97 © %)
VeV;ﬁc—cr i;éfc
_ : T 12 w112
= argmin[y; —h[v[* + > |y, — x> (26)
VEVlﬁ‘c—cr i#k

From (26), we can see that this decision rule gives the advan-
tage of both phase compensation (by kith receive antenna) and
SNR gain by using other n,, — 1 receive antennas.

Performance: Figure 9 shows the BER performance of
MIMO-MBM without PC-CR, with PC-CR using Rx. scheme
1 and Rx. scheme 2, for ny, = n,y = 2, m,y = 1, tone, 2
bpcu, n, = 3, and ML detection. It can be seen that the Rx.
scheme 2 performs better than Rx. scheme 2 by about 1.5 dB
at 10~° BER. This is because Rx. scheme 2 uses signals from
all the receive antennas for detection, whereas Rx. scheme 1
uses the signal only from the selected receive antenna.

V. CONCLUSION

We investigated the performance of some interesting physi-
cal layer techniques when applied to media-based modulation
(MBM), which is a recently proposed modulation scheme
that uses RF mirrors to perturb the propagation environ-
ment to create independent channel fade realizations which
themselves are used as the constellation points. The consid-
ered physical layer techniques included generalized spatial
modulation (GSM), mirror activation pattern (MAP) selection
(analogous to antenna selection in MIMO systems), and phase
compensation and constellation rotation. It was shown that,
for the same spectral efficiency, GSM-MBM can achieve
better performance compared to MIMO-MBM. The Euclidean
distance based MAP selection scheme was found to perform
better than the mutual information based MAP selection
scheme by several dBs. The diversity order achieved by the
Euclidean distance based MAP selection scheme was shown
to be n,.(2Mrs — 2™ +1), which was also validated through
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simulations. Feedback based phase compensation and MBM
constellation rotation was found to increase the Euclidean
distance between the constellation points, thereby improving
the bit error performance significantly.

APPENDIX
PROOF OF PROPOSITION 1

Proof: Let p = min{rank (D) : D € AD}. Using
Proposition 1 in [23], the diversity order achieved by ED based
MAP selection is given by n.p. Any matrix D € AD can
be viewed in the form D = [DY DT D7 17, where
D; is a sub-matrix of size |Syi| x |£|. Consider a matrix
D € AD which is constrained such that only one sub-matrix
(say, Dy) is a non-zero sub-matrix and all other sub-matrices
(Dj’s,j # k) are zero sub-matrices. That is, the constrained
matrix is of the form D = [07 07 DT o” oT)7,
ke {1,2,--- ,ny}. Therefore, rank(D) = rank(Dy). Any
matrix in AD which does not have the above constraint can be
obtained by replacing one or more zero sub-matrices by non-
zero sub-matrices. Since a rank of a matrix will not reduce
if some of its zero rows/columns are replaced by non-zero
rows/columns, the minimum rank is obtained by matrices with
the above constraint.

Let AA denote the set of non-zero difference QAM/PSK
constellation points, given by {s1 — s3 : 81,82 € A, s1 #
s2}. Note that every column of Dy is either from the set
E = {ce; i c € AA} for 1 < | < |Sul or from the set
Eiq 2 {s1¢ + soeq 1 51,82 € A} for 1 < [ # g < [Sal.
Now, using Proposition 2 of [23], the minimum rank of Dy, is
[San| — [Ssup| + 1. Hence, p = min{rank (D) : D € AD} =
|San| — |Ssun| + 1. Therefore, the diversity order achieved by
ED-based MAP selection is 7, (|[San| — |Seun| + 1).
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