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Abstract—It is widely exploited that the feedback assisted
multiple-input multiple-output (MIMO) systems, which rel y on
channel state information (CSI) at the transmitter not only
improve the spectral efficiency but also increase the attainable
diversity gains. Owing to the limited bandwidth of the feedback
channel, it is impractical to feed back perfect CSI or the transmit
precoding (TPC) matrix to be used by the transmitter. This issue
has been studied for over a decade now and it is addressed by
feeding the TPC codeword index back to the transmitter. In this
paper, we derive the conditions to be satisfied by the transmit and
receive codebooks (TCBs and RCBs) for achieving full transmit
and receive diversity gains. Furthermore, based on the conditions
derived, we propose several RCBs by exploiting the properties
of circulant matrices constructed with the aid of Cyclotomic
polynomials. The proposed RCBs are shown to offer several
benefits when employed in full-duplex (FD) spatial modulation
(SM) systems, which include i) reduced hardware complexityof
the self-interference (SI) cancellation circuitry ii) robustness to SI
iii) maintain the diversity gain in the face of strong line-of-sight
(LoS) channels. Furthermore, we study the performance of the
proposed RCBs in an emerging drone communication scenario
where several drones act as FD relays. Our simulation results
show that the proposed RCBs indeed do attain the diversity gains
predicted by our theoretical results. Specifically, in a dual-hop
FD SM relay system the proposed receiver combiner selection
(RCS) codebook is observed to give about 3dB signal-to-noise
(SNR) gain compared to the receive antenna selection (RAS)
codebook without any substantial extra requirements. In the case
of a triple-hop FD drone network, an SNR gain of about 2.5dB
is observed for our RCS codebook over a RAS codebook.

Index Terms—Joint transmit and receive processing, diversity
gain, antenna selection, full-duplex, drones.
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I. I NTRODUCTION

Multi antenna aided systems offer significantly higher sys-
tem capacity than single-input single-output (SISO) systems
[1], [2]. Apart from offering a higher spectral efficiency, the
multiple-input multiple-output (MIMO) systems are also capa-
ble of providing diversity gains [3], which is indeed imperative
for achieving a high integrity. Numerous techniques were con-
ceived in the literature for attaining both transmit and receive
diversity gains. These techniques can be broadly grouped into
two categories, namely (i) open loop, and (ii) closed loop
arrangements. The open loop techniques are predominantly
represented by space-time block coding (STBC) [4], where the
information bits to be transmitted are encoded into complex-
valued space-time (ST) matrices, which are in turn transmitted
through multiple transmit antennas. For instance, the(2× 2)-
element Alamouti STBC [5] requires two active transmit
antennas and two channel uses for its transmission, whereas
a (2l × 2l)-element orthogonal STBC [6] requires2l active
transmit antennas and channel uses. Although, the orthogonal
STBCs have the benefit of single-symbol maximum likelihood
(ML) decodability, their transmission rate expressed in terms
of encoded complex symbols per channel use reduces, as the
number of transmit antennas (TA) is increased. Several STBCs
were conceived in the literature that offer high diversity as well
as multiplexing gains, which include the STBCs constructed
from division algebras [7], the golden code [8], the perfect
STBCs [9] etc. Regretfully, these STBCs impose excessive
ML decoding complexity at the receiver. Another technique
of attaining both transmit as well as receive diversity gains
is to exploit the channel state information (CSI) both at
the transmitter as well as at the receiver using closed loop
techniques, where transmit precoding (TPC) and receiver com-
bining matrices are employed. The optimal TPC and receiver
combining matrices for a given channel realization are known
to be the left and right singular matrices, respectively [3]. Since
the bandwidth of the feedback channel is limited, it is not
feasible to convey the full CSI or the right singular vectorsof
the channel to the transmitter. Thus, alimited feedback (LF)
approach is adopted, where a codeword is selected from a
pre-determined codebook that maximizes a certain metric of
interest. Some of the codebooks conceived for LF schemes
include the popular Grassmannian codebook [10], unitary
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TPC-aided orthogonal STBCs [11], combined-beamforming
and STBC-aided quantized feedback [12], algebraic rotation
and threaded space-time architecture assisted codebooks [13]
etc.

While MIMO systems offer the benefit of both diversity and
multiplexing gains, they suffer from a high power consumption
owing to power-hungry radio frequency (RF) chains. Spatial
modulation (SM) [14]-[19] is a relatively new scheme con-
ceived for overcoming the aforementioned drawback by em-
ploying only a single RF chain at the transmitter. Specifically,
the SM system employs several TAs, but activates only a single
TA for information transmission in each channel use. The
specific choice of the activated TA depends on the information
bits to be transmitted. Thus, the SM system implicitly conveys
information through the active TA index as well as through the
conventional symbol chosen from a classic signal set, such as
QAM/PSK. An important benefit of the SM system is that
it completely avoids inter-antenna interference at the receiver
owing to using a single active TA and hence it is suitable
for low-complexity ML detection [18]. However, SM is by
no means flawless, since it suffers from the lack of transmit
diversity gain owing to the single active TA. In order to
overcome this drawback, several open-loop and closed-loop
techniques were conceived. Analogous to the conventional
open-loop MIMO system, several ST coding schemes were
conceived [20]-[23] for improving the transmit diversity gain.
Specifically, an Alamouti code aided SM arrangement was
conceived in [20], while a complex interleaved orthogonal
design was advocated in [21]. As a further development, a SM
scheme employing Alamouti STBC having a cyclic structure
was conceived in [22], while a SM scheme also relying on
Alamouti STBC with phasors was conceived in [23]. All the
aforementioned schemes achieve a transmit diversity orderof
two, while requiring two transmit RF chains, except for the
scheme in [21], which requires a single transmit RF chain.
Closed-loop techniques were also conceived for enhancing the
integrity of SM systems [24]-[29]. Specifically, link-adaptive
modulation was studied in [24], while both capacity based and
Euclidean distance based antenna selection (EDAS) schemes
were proposed in [25]. Furthermore, low-complexity antenna
selection algorithms were proposed in [26], [27]. The transmit
diversity order of EDAS was quantified in [28], while Sunet.
al. [29] proposed a cross-entropy based method for reducing
the search complexity of EDAS. In [30], Yanget. al.proposed
an improved low-complexity implementation of EDAS by
striking a beneficial performance vs. complexity trade-off.
Recently, Sunet. al.[31] have proposed a reduced-dimensional
EDAS-equivalent criterion, which results in the same perfor-
mance as that of EDAS, albeit at a reduced complexity.

Against this background, the following are the contributions
of this paper:

1) The existing literature on feedback-assisted SM schemes
is mainly focused on attaining transmit diversity gain
with the aid of TA subset selection, where the receiver
is usually assumed to have multiple RF chains. Since
employing fewer RF chains than the number of receive
antennas can result in a significant power saving at
the receiver, it is beneficial to consider joint transmit

and receive antenna subset selection. In this regard, we
first derive a generalized transmit and receive diversity
condition for feedback-assisted MIMO systems. Based
on this, we obtain a condition on the transmit and the
receive codebooks that facilitate attaining full diversity
despite using antenna subset selection1. Furthermore, we
lay the foundations of dual-function feedback-assisted
MIMO schemes, which combine STBC, SM, as well
as antenna subset selection in a single joint design-
framework. This design-framework not only helps in
viewing various modulation and coding schemes under
a single umbrella, but also opens up a new avenue for
designing them.

2) While MIMO systems significantly increase the spectral
efficiency, it was shown that further throughput im-
provement is possible with the aid of full-duplex (FD)
communication [35]-[37]. Owing to the benefit of having
a nearly doubled throughput, FD communication has
recently been studied also in the context of SM systems
[38]-[40]. Specifically, Jiaoet. al. [38] studied the at-
tainable mutual information of a(2×2) FD SM system,
while Ravitejaet. al. [39] studied the performance of a
dual-hop FD relay system employing SM. In [40], Zhang
et. al.considered a FD two-way relay system employing
SM and studied the attainable performance. Note that
both the relay systems of [39] and [40] consider multiple
receive antennas, which require both multiple RF chains
as well as complex self-interference (SI) cancellation
circuitry. With the aid of the results in 1), we propose
an energy efficient antenna subset selection aided FD
SM relay system, which achieves the full transmit and
receive diversity gain, despite reducing the hardware
requirements of the FD SM systems in [39], [40].

3) Lastly, as a practical application of the proposed FD
SM relay system we consider multi-hop FD relaying in
a drone-aided communication scenario [41]-[45], where
multiple drones act as relays. Specifically, we consider
the ill effects of the strong line-of-sight (LOS) channel
of multi-hop drone relays, and propose methods of
alleviating them with the aid of the results in 1) without
compromising the attainable diversity gains.

The remainder of the paper is organized as follows. The gen-
eralized transmit and receive diversity condition for feedback
assisted MIMO systems is derived in Section II and several
examples are discussed. The proposed receiver processing
schemes are presented in Section III. Our simulation results
and discussions are discussed in Section IV, while Section V
concludes the paper.

1Note that the problem of attaining both transmit as well as receive diversity
gains has been extensively studied in the literature [32]-[34]. Specifically,
the authors in [32] studied an Alamouti code [5] based transmission scheme
that employs transmit as well as receive antenna selection.In [33], the
authors propose receive antenna selection algorithms thatmaximize the system
capacity. In [34], the authors study the performance of joint transmit and
receive antenna selection algorithms in Nakagami fading channels. In contrast
to the existing schemes, which essentially rely on antenna selection, the
proposed approach provides a generalized framework for transmit and receive
codebook selection, which essentially subsumes the antenna selection schemes
as special cases.
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Notations: The notations of(·)H and (·)T indicate the
Hermitian transpose and transpose of a vector/matrix, respec-
tively, while | · | represents the magnitude of a complex
quantity, or the cardinality of a given set. The uppercase
boldface letters represent matrices and lowercase boldface
letters represent vectors. The notations of‖ · ‖F and ‖ · ‖
represent the Frobenious norm of a matrix and the two-norm
of a vector, respectively.H([c : d], :) represents a matrix
with rows c, c + 1, . . . , d − 1, d of H and H(:, [c : d])
is a matrix with columnsc, c + 1, . . . , d − 1, d of H. The
Kronecker product of the matricesA and B is represented
by A ⊗ B. span(A) represents the space spanned by the
columns ofA. Tr(·) represents the trace of a matrix. Expected
value of a random variableY is denoted by E(Y ), while
the smallest non-zero Eigenvalue of matrixY is denoted by
λsm(Y). Furthermore,Q(x) represents the tail probability of

standard normal distribution given by1√
2π

∫∞
x

exp
(

−u2

2

)

du.
A circularly symmetric complex-valued Gaussian distribution
with meanµ and varianceσ2 is represented byCN (µ, σ2).
C and R represent the field of complex and real numbers,
respectively.Φl(x) represents thelth Cyclotimc polynomial in
x.

II. GENERALIZED TRANSMIT AND RECEIVE DIVERSITY

CONDITION PROPOSED FORFEEDBACK ASSISTEDMIMO
SYSTEMS

A. System Model

Consider a MIMO system havingNr receive andNt TAs.
Let the number of RF chains at the transmitter beMt ≤ Nt.
Let X ∈ CNt×T represent the transmit ST matrix, which re-
quiresT channel uses. LetZ ∈ CNr×Nr represent the effective
analog-to-baseband processing matrix2 at the receiver, which is
chosen from a receive codebook (RCB)Z. Then, the received
ST matrix is given by

Y =

√

ρ

Mt

ZHX + N ∈ C
Nr×T , (1)

whereρ represents the average signal-to-noise ratio (SNR) at
each receive antenna,H ∈ CNr×Nt represents the channel
matrix andN ∈ CNr×T represents the noise matrix, both of
whose entries are fromCN (0, 1). If X belongs to a transmit
codebook (TCB)X , then the ML solution assuming perfect
CSI at the receiver is given by

X̂ = arg min
X∈X

‖Y −
√

ρ

Mt

ZHX‖2F . (2)

2Please note that the receive processing matrixZ considered in the paper is
the analog-to-baseband processing matrix, which is slightly different from the
baseband post-prossing matrix generally considered in theliterature, where the
noise statistics change significantly, depending onZ. The analog-to-baseband
processing matrix models the analog domain processing at the receiver, such
as the receive antenna selection, analog phase shift operation etc. which do
not alter the noise statistics. Note that any change in the noise statistics due
to receive processing is dealt with in Section III-B. Note that for the sake
of presentation, we have consideredZ to be orthonormal and hence the
associated noise to be white. All the results in the paper hold even when
Z is not orthonormal. In that case,Z is pre-multiplied by(ZZ

H)−1/2 in
order to whiten the noise.

The attainable transmission rate of this scheme is given by

R =
log2(|X |)

T
bpcu, (3)

where bpcu stands for bits per channel use.
In case of feedback-assisted MIMO systems, the TCBX

and the receive preprocessing matrixZ can be jointly selected
as follows:

(Z,X ) ≡ (Zj∗ ,Xi∗) = arg max
Zj∈Z,Xi∈X̄

f(H,Zj ,Xi), (4)

where X̄ = {X1,X2, . . . ,Xn} is a collection of TCBs,f(·)
can be any metric of interest such as the capacity [25],
the minimum Euclidean distance [28] etc. Upon obtaining
X = Xi∗ from (4), the receiver feeds the codebook index
i∗ back to the transmitter, and uses the receive processing
matrix Z = Zj∗ for its subsequent reception. Upon receiving
the optimal codebook indexi∗, the transmitter usesXi∗ for
subsequent data transmissions. In the next part of the paper,
we derive the attainable diversity gain of the aforementioned
feedback-assisted MIMO system by consideringf(·) to be
the minimum Euclidean distance (ED) between the receive
constellation matrices.3

B. Proposed Generalized Transmit and Receive Diversity
Condition

Let ∆Xi = {X1 −X2 |X1,X2 ∈ Xi,X1 6= X2} be the set
of difference matrices corresponding to the codebookXi and

∆X̄ =
˘

[X1, . . . ,Xn]
˛

˛X1 ∈ ∆X1, X2 ∈ ∆X2, . . . ,Xn ∈ ∆Xn

¯

.

(5)

Let the feedback function be given by

f(H,Zj ,Xi) = min
X∈∆Xi

‖ZjHX‖2F , (6)

which represents the minimum ED between the
receive constellation matrices. LetXmin(j, i) =
argminX∈∆Xi

‖ZjHX‖2 for 1 ≤ i ≤ n, 1 ≤ j ≤ m
andX̄j = [Xmin(j, 1),Xmin(j, 2), . . . ,Xmin(j, n)].

Proposition 1: The feedback-assisted MIMO system em-
ploying (4) with f(·) given in (6) attains a total diversity gain
of r = rank(

∑m

j=1
Bj), whereBj =

(

ZH
j Zj

)T ⊗ X̄jX̄
H
j .

Proof: Please refer to Appendix A.
Let the RCB be represented byZ = {Z1,Z2, . . . ,Zm}

and Z̄ represent the stacked RCB entries given byZ̄ =
[

ZT
1 ,ZT

2 , . . . ,ZT
m

]T ∈ CmNr×Nr . The following proposition
gives a necessary and sufficient condition to be satisfied by
the RCB as well as by the TCBs for attaining full diversity
order.

Proposition 2: A necessary and sufficient condition for
attaining the full diversity order ofNtNr by the feedback
assisted MIMO system employing (4) withf(·) given in (6) is
that rank(Z̄) = Nr andmin{rank(X̄) | X̄ ∈ ∆X̄ } = Nt.

Proof: Please refer to Appendix B.

3Note that the feedback function given by (4) mainly depends on the
channel realizationH and the quality of the channel estimate available at
the receiver depends on the amount of self-interference, which in turn affects
the feedback function. We do not dwell on imperfect channel information
scenario in this paper as it requires an explicit analysis, which is outside the
scope of this work.
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Proposition 2 motivates us to consider only full-rankZ̄ in
order to attain full receive diversity gain. The following corol-
lary quantifies the minimum required number of codebook
entries in RCB for attaining full receive diversity gain.

Corollary 1: If rank(Zj) = k for 1 ≤ j ≤ m and the rows
of Zj1 for 1 ≤ j1 ≤ m do not belong to the space spanned by
the rows of[ZT

1 · · ·ZT
k−1,Z

T
k+1 · · ·ZT

m]T wherek = j1, then
the number of codebook entriesm in Z required for attaining
full receive diversity order isNr/k.

Proof: From Proposition 2, we have the requirement that
rank(Z̄) = Nr is maintained for attaining full receive diversity
gain. If the rows ofZj1 do not belong to the space spanned by
the rows of[ZT

1 · · ·ZT
k−1,Z

T
k+1 · · ·ZT

m]T wherek = j1 and
rank(Zj) = k, then we haverank(Z̄) = km. If rank(Z̄) = Nr,
then we havemk = Nr and m = Nr/k. This concludes the
proof.

The following examples provide TCB constructions along
with their attainable diversity gains. The RCB constructions
are presented in Section III in conjunction with their applica-
tions in FD systems.

Example 1:Let Nt = 8, T = 1 and

m1 =









s
0
0
0









,m2 =









0
s
0
0









,m3 =









0
0
s
0









,m4 =









0
0
0
s









,

(7)

represent the SM vectors [14], wheres is from a QAM/PSK
signal set. Furthermore, let the collection of TCBs beX̄ =
{X1,X2}, where we have

X1 =

{[

m1

o

]

,

[

m2

o

]

,

[

m3

o

]

,

[

m4

o

]}

(8)

and

X2 =

{[

o

m1

]

,

[

o

m2

]

,

[

o

m3

]

,

[

o

m4

]}

. (9)

The vectoro represents the all-zero vector of dimension4×1.
It is straightforward to see thatmin{rank(X̄) | X̄ ∈ ∆X̄ } = 2
and hence this scheme achieves a transmit diversity order2.

Example 2:Let Nt = 8, T = 2 and

M1 =









s̃1 0
0 s̃2

0 0
0 0









,M2 =









0 0
s̃1 0
0 s̃2

0 0









, (10)

M3 =









0 0
0 0
s̃1 0
0 s̃2









, andM4 =









0 s̃2

0 0
0 0
s̃1 0









, (11)

represent the matrices from complex interleaved orthogonal
design (CIOD) based SM [21], wherẽs1 and s̃2 are coordi-
nate interleaved symbols drawn from QAM/PSK signal sets.
Furthermore, let the collection of TCBs bēX = {X1,X2},
where we have

X1 =

{[

M1

O

]

,

[

M2

O

]

,

[

M3

O

]

,

[

M4

O

]}

(12)

and

X2 =

{[

O

M1

]

,

[

O

M2

]

,

[

O

M3

]

,

[

O

M4

]}

. (13)

The matrixO represents an all-zero matrix of dimension4×2.
It is straightforward to see thatmin{rank(X̄) | X̄ ∈ ∆X̄ } = 4
and hence this scheme achieves a transmit diversity order4.

Example 3:Let Nt = 8, T = 1, and NSM represent
the number of antennas used for SM out ofNt available
antennas. Let the corresponding collection of codebooks be
X̄ = {Xi}ni=1, wheren =

(

Nt

NSM

)

represents the number of
possible antenna subset combinations. Based on the resultsin
[28], we havemin{rank(X̄) | X̄ ∈ ∆X̄ } = Nt − NSM + 1.
Thus, the antenna subset selection scheme [25], [28] attains a
transmit diversity order ofNt −NSM + 1.

Remark 1:Note that the residual SI is generally modeled
by a Gaussian random variable [36], [40]. This is a rea-
sonable assumption, since the channel estimation errors are
often Gaussian distributed, especially when employing MMSE
estimation. Thus, the effective noise at the receiver wouldstill
be Gaussian albeit at a higher power, which is equal to the
sum of the powers of the AWGN and the residual SI. Thus,
the diversity conditions on the transmit and receive codebooks
presented inProposition 1andProposition 2hold for the case
of full-duplex systems as well.

In the next section of the paper, we propose joint transmit
and receive codebook (JTRCB) selection schemes and study
its potential benefits in the emerging FD SM communication
systems [38]-[40].

III. JOINT TRANSMIT AND RECEIVE CODEBOOK

SELECTION AIDED FD SM

The subject of FD communication [35]-[37] has gained
significant attention in the recent past owing to its promiseof
nearly doubling the throughput of its simplex counterpart.In
order to achieve simultaneous interference-free bidirectional
communication, the FD systems employ SI cancellation in
both the analog as well as the digital domains. The analog can-
cellation (ACL) techniques include interference cancellation
based on optimum antenna placement [35], on Balun based
cancellation using variable attenuators and delay elements
[35], while the digital cancellation (DCL) essentially estimates
the SI-leakage response and then cancels it by an FIR filter
based echo-canceller [35]-[37]. The ACL plays a crucial role,
since it predetermines the overall noise figure of the receive
chain. Additionally, it was observed by Duarteet. al. [36]
that DCL may result in error-propagation and hence should
be applied selectively.

The ACL circuitry in case of a SISO FD systems is quite
simple, since it involves only a set of attenuators and delay
elements. However, invoking the same principle for a MIMO
system would result in a quadratic complexity increase. For
example, a(2× 2) MIMO system requires four ACL blocks,
as shown in Fig. 1. Similarly, an(Nt × Nt) FD MIMO
system would requireN2

t ACL blocks. This would impose a
significant cost and power consumption. In order to overcome
this impediment, a cascaded cancellation design was proposed
by Bharadia and Katti [37], who exploited the cascaded
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Σ

Σ

AC21

AC22

AC11

Tx2Rx1 Rx2 Tx1

chain
RF

chain
RF

RF RF
chain chain

AC12

Self Interference

Fig. 1. Pictorial depiction of a2 × 2 FD MIMO system, where the block
ACij represents the analog cancellation circuitry between thej th transmit
and ith receive chain.

nature of the SI transfer function. However, this would still
require a complex ACL circuitry. For more details on the
cascaded cancellation design, please refer to Section 3.1 of
[37]. Furthermore, it was also observed in [37] that the residual
error of SI cancellation as well as the time required to tune
the cancellation circuitry increase withNt.

Figure 2 gives a pictorial portrayal of the FD SM system
having two TAs and two receive antennas. Although the SM
system requires only a single RF chain at the transmitter, a
FD SM system would still needN2

t ACL blocks (Nr = Nt),
since it is not practical to have a single ACL block and
reprogram it for every symbol period in order to cancel the
SI. Indeed, using multiple receive antennas are imperativein
case of spatial multiplexing systems, where multiple symbols
are transmitted simultaneously, but they are not essentialin
case of SM systems. Explicitly, in case of SM systems, the
multiple receive antennas are mainly used for attaining receive
diversity, which can be attained with the aid of our results from
Section II, despite employing a single RF chain at the receiver.

Figure 3 depicts a simple antenna subset selection aided
FD SM system, where two out of three TAs are used for
SM transmission and one out of three antennas is selected for
reception. The antenna subset selection aided FD SM system
offers the following benefits:

1) We need onlyNSM (≤ Nt) ACL blocks whereNSM is
the number of TAs used for SM transmission. Note that
this is an order lower thanN2

t , which is the number of
ACL blocks required by the FD MIMO system.

2) Despite its low hardware complexity, the proposed
scheme attains both transmit as well as receive diversity
gains, thanks to our results in Section II. In the next
part of the paper, we propose several RCBs that yield
full receive diversity gain, while requiring a minimum
number of ACL blocks.

3) Since the residual SI cancellation error as well as the
time required to tune the cancellation circuitry scale with

Σ

Σ

AC21

AC22

AC11

chain
RF

chain
RF

AC12

Self Interference

RF
chain

Tx1 Tx2Rx2Rx1

Fig. 2. Pictorial depiction of a2 × 2 FD SM system.

TABLE I
COMPARISON OF VARIOUS SYSTEM PARAMETERS OF THE EXISTING AS

WELL AS OF THE PROPOSEDFD SCHEMES.

Proposed
FD MIMO FD SM FD schemes

No. of SI
cancellation blocks NrNt NrNt NSM

Attainable
diversity order NrNt NrNt NrNt

No. of RF
switches * Nr + 1 2
Tuning overhead
scaling factor Nt Nt NSM ≤ Nt

Nt [37], they are significantly reduced in the proposed
scheme, since there is only a single active TA during
each channel use and onlyNSM ≤ Nt antennas are
used for SM transmission.

Table I compares the system parameters of the proposed
scheme to those of the existing FD MIMO and FD SM
schemes. It is clear from Table I that the proposed schemes re-
quire onlyNSM ACL blocks in comparison toNrNt required
by the existing schemes. As a result, the power consumption
in the proposed scheme is significantly reduced. Furthermore,
the number of RF switches in case of the proposed scheme is
only two, which enables us to ensure better synchronization
between them. Furthermore, the proposed scheme has the
advantage of a low tuning overhead [37] compared to the FD
MIMO and FD SM schemes. Lastly, we would like to empha-
size that the half-duplex SM system (HD-SM) can be easily
extended to the FD SM system by employing the ACL blocks
conceived for FD MIMO [37] and further improvements can
be attained by employing the proposed schemes.

Again, in the next part of the paper, we propose several
RCBs that allow us to exploit the full receive diversity gain
without compromising the above benefits.
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Σ

AC2

chain
RF

AC1

Self Interference

RF
chain

Rx1Rx2 Rx3 Tx1 Tx2 Tx3

Fig. 3. Pictorial depiction of a2 × 1 FD SM system employing receive as
well as transmit antenna subset selection. Specifically, the transmit antennas
indexed by 2 and 3 are used for SM transmission while the receive antenna
indexed by 3 is used for reception.

A. RCBs Proposed for JTRCB Aided FD SM Systems

In this section, we first provide a simple method for obtain-
ing Zj ’s from a given full-rank matrixQ, while satisfying the
diversity condition in Proposition 2. Later we discuss construc-
tions based on a specificQ along with their advantages. Note
that in this section a generalized system model is considered
whereMr may be less thanNr by virtue of Corollary 1.

Let Mr ≤ Nr represent the number of RF chains at the
receiver and eachZj represent an(Mr×Nr)-element analog-
to-baseband processing matrix and letQ ∈ CNr×Nr represent
a full-rank matrix. The proposed construction is given by

Zj = INr
[(Mr(j − 1) + 1 : Mr(j − 1) + Mr), :]Q ∈ C

Mr×Nr .
(14)

Sincerank(Zj) = Mr for 1 ≤ j ≤ Nr/Mr, from Corollary 1
m = Nr/Mr number of entries inZ would suffice to meet the
rank conditionrank(Z̄) = Nr and hence achieve full receive
diversity. Below, we discuss a few specific constructions based
on Q.

1) Receive Antenna Selection (RAS):For ease of exposi-
tion, we consider a receiver having either a single or twin RF
chains. Note that the proposed RCBs can be used in receivers
having multiple RF chains as well. ConsiderQ = INr

and
Mr = 1. In this case, we haveZj = INr

[j, :] for 1 ≤ j ≤ Nr.
This scheme is analogous to the one depicted in Fig. 3. For
example, consider a system havingNr = 4. In this case, we
have

Z̄ =









1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1









← Z1

← Z2

← Z3

← Z4

. (15)

In case of a system havingMr = 2 RF chains, we still use
Q = INr

but Zj = INr
[(2(j − 1) + 1 : 2(j − 1) + 2), :] for

1 ≤ j ≤ Nr/2. In case of the aforementioned system having

Nr = 4, we have

Z̄ =









1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1









}

Z1

}

Z2

. (16)

Note that whenMr = Nr, all the antennas are used for recep-
tion, which corresponds to the conventional receive processing,
in which case we havēZ = INr

= Z1.
2) Receive Combiner Selection (RCS):Consider

Q =
[

a,Ma,M2a, . . . ,MNr−1a
]

, (17)

whereaT = [a0, a1, . . . , aNr−1] ∈ C
1×Nr and

M =















0 0 · · · 0 1
1 0 · · · 0 0
0 1 · · · 0 0
...

...
. . .

...
...

0 0 · · · 1 0















∈ R
Nr×Nr . (18)

Note that Q in (17) is circulant [47] and the associated
polynomial is given by

f(x) = a0 + a1x + · · ·+ aNr−1x
Nr−1. (19)

Proposition 3 (Prop. 1.1 [48]):The rank(Q) = Nr − d,
where d is the degree of the greatest common divisor of
xNr − 1 andf(x).

From Proposition 3, we see that full receive diversity can
only be attained if the polynomialsf(x) andxNr − 1 do not
have common divisors. Thus, the choice of the polynomial
f(x) is crucial for attaining the desired receive diversity gain.
A simple approach to guarantee a high diversity gain is to
consider polynomialsf(x) of lower degree. Furthermore, an
additional benefit of considering lower-degree polynomials is
the reduced implementation cost, as discussed later in this
section.

Corollary 2: The feedback assisted MIMO system employ-
ing (4) with f(·) given in (6) and employing RCB matrices in
(14) andQ in (17) withf(x) = 1+x attains a receive diversity
gain of at least(Nr − 1).

Proof: The proof is straightforward and is provided for
the sake of completeness. Since the degree of the polynomial
that dividesf(x) = 1 + x and xNr − 1 can only be at most
one, it follows from Proposition 3 thatrank(Q) = rank(Z̄) ≥
Nr − 1. This concludes the proof.
Note that the RCS scheme degenerates to the RAS scheme,
when the polynomialf(x) is a constant. Since the degree
of this polynomial is zero, the RAS attains the full receive
diversity gain ofNr.

Considering a system havingNr = 4, Mr = 1 and Q in
(17) associated withf(x) = 1 + x, we have

Z̄ =









1 0 0 1
1 1 0 0
0 1 1 0
0 0 1 1









← Z1

← Z2

← Z3

← Z4

. (20)

It is clear from (20) that each of the RCB entriesZj combines
signals received from two antenna ports. For instance,Z1
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combines the signals received from antenna one and antenna
four, whereasZ2 combines that of one and two, and so on
and so forth. This RCB achieves a diversity gain of three,
since we haverank(Q) = 3. When Nr is small, there can
be a noticeable performance loss with respect to the scheme
achieving full receive diversity gain. The following proposition
gives a simple method of selecting polynomials that achieve
full diversity.

Corollary 3: The feedback-assisted MIMO system employ-
ing (4) with f(·) given in (6) and employing the RCB matrices
in (14) andQ in (17) attains a receive diversity gain ofNr, if
we havef(x) = Φk(x), provided that1 < k < Nr does not
divide Nr.

Proof: The proof is straightforward and is provided for
the sake of completeness. For any givenNr, we have

xNr − 1 =
∏

1≤l≤Nr, l|Nr

Φl(x), (21)

= Φ1(x)Φl1(x)Φl2 (x) · · ·ΦNr
(x), (22)

where each of the elements in{l1, l2, ...} divides Nr. Let
f(x) = Φk(x) such that1 < k < Nr andNr is not a multiple
of k. SinceΦm(x) and Φn(x) are co-prime form 6= n, it
follows thatxNr − 1 andf(x) are co-prime. This concludes
the proof.
The following example illustrates the significance of Corol-
lary 3.

Example 4:Consider a system havingNr = 6 andMr = 1.
If we consider the polynomialf(x) = 1 + x, we have

Z̄ =

















1 0 0 0 0 1
1 1 0 0 0 0
0 1 1 0 0 0
0 0 1 1 0 0
0 0 0 1 1 0
0 0 0 0 1 1

















← Z1

← Z2

← Z3

← Z4

← Z5

← Z6

, (23)

where rank(Z̄) = Nr − 1 = 5. Note that x6 − 1 =
Φ1(x)Φ2(x)Φ3(x)Φ6(x) and the choice off(x) = Φ4(x) =
1 + x2 yields

Z̄ =

















1 0 0 0 1 0
0 1 0 0 0 1
1 0 1 0 0 0
0 1 0 1 0 0
0 0 1 0 1 0
0 0 0 1 0 1

















← Z1

← Z2

← Z3

← Z4

← Z5

← Z6

, (24)

where rank(Z̄) = Nr = 6. Note that although both the
codebooks in (23) and (24) combine signals from two antenna
ports, the specific choice of the antenna ports determines the
attainable diversity gain.
It is important to note that the coefficients in the Cyclotomic
polynomials are from the set{1,−1, 0} up toΦ105(x). Thus,
using simple combiners and signal inverters is sufficient to
implement the receive codebook processing for up toNr ≤
104. Table II in the next page provides some examples of
Cyclotomic polynomials along with the achievable receive
diversity order. A general method for finding the coefficients
of any Cyclotomic polynomial can be found in [49].

TABLE II
EXAMPLES OF CYCLOTOMIC POLYNOMIALS AND THEIR ACHIEVABLE

DIVERSITY ORDER.

Receive
Nr Nc Mr Φ(x) diversity

order
4 2 1 Φ2(x) = 1 + x 3

3 1 Φ3(x) = 1 + x + x2 4
8 2 1 Φ2(x) = 1 + x 7

3 1 Φ3(x) = 1 + x + x2 8
5 1 Φ5(x) = 1 + x + x2 + x3 + x4 8
6 1 Φ6(x) = 1 − x + x2 8

16 2 1 Φ2(x) = 1 + x 15
7 1 Φ7(x) =

P

6

i=0
xi 16

12 1 Φ12(x) = 1 − x2 + x4 16
13 1 Φ13(x) =

P

12

i=0
xi 16

3) Receive Combiner Selection with Phase Shifters (RCS-
PS): ConsiderQ such that|Q(i, j)| = 1 for 1 ≤ i, j ≤ Nr.
Note that the resultantZj ’s based on (14) require analog
phase shifters for their implementation. A compelling choice
of Q would be the DFT matrix, which satisfies the full rank
condition. That is, withQ = FNr

we have rank(Q) =
rank(Z̄) = Nr. ConsideringNr = 4 andMr = 1, we have

Z̄ =









1 1 1 1
1 −j −1 j
1 −1 1 −1
1 j −1 −j









← Z1

← Z2

← Z3

← Z4

, (25)

where j =
√
−1. As a benefit of the appealingly simple

implementation and high energy efficiency of the RAS and
RCS schemes, we restrict our study to these two schemes in
the rest of the paper.

B. Impact of SI on Receiver Processing

In this section, we briefly discuss our model of the residual
error after ACL due to SI in the case of RAS and RCS aided
FD SM systems. Since the SM system employs only a single
TA in each channel use, the SI observed at each receive an-
tenna is only due to a single transmitted symbol. Furthermore,
in case of the RAS scheme only a few antennas are used
for reception, as seen in Fig. 3. In our simulation studies,
we consider RAS scheme usingMr = 1 and Mr = 2. In
both of these cases the residual error after analog cancellation
is modeled as

√
ρSIsh, wheres is the transmitted symbol,

h ∼ CN (0, 1) is the channel coefficient between the active
TA and the selected receive antenna(s) of the FD SM system
and ρSI is the residual SI-to-noise ratio (SINR). Note that
our residual SI model is in accordance with the assumptions
found in the existing literature [39], [40]. In case of the
RCS scheme, where the signals received by multiple antennas
are combined, the residual error after analog cancellationis
modeled as

√
NcρSIsh, whereh ∼ CN (0, 1) is the effective

channel coefficient between the active TA and the combiner
output, while Nc is the number of antenna ports used for
signal combining. Note that the effective SINR in this case is
modeled to beNc times higher compared to the RAS scheme,
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Traffic flow

Channel

Coverage Area 1 Coverage Area 2

FD Drone 1 A2A

SI SI

FD Drone 2

Rx

Tx

G2A A2G

Tx

Rx

Rician

Fig. 4. Pictorial representation of a triple-hop relay network where both the
drones act as relays and operate in the FD mode. The three information hops
correspond to G2A link, A2A link followed by A2G link. The A2Alink is
modeled as the Rician channel with parameterK, where as the G2A and
A2G links are modeled as Rayleigh channels.

since only a single ACL block is used for canceling the
Nc combined interference components. We find it important
to mention that the modeling of SI in the context of SM
systems needs special attention, which has not been explicitly
studied in the literature. Furthermore, note that the results in
Proposition 1 and Proposition 2 hold even in the case of FD
systems. However, in case of FD systems, instead ofρ being
the effective SNR,ρ/(1+ρSI) or ρ

1+NcρSI
will be the effective

SNR. Thus, the proposed RCBs in the FD system attain the
same diversity gain as attained in their simplex counterparts,
but at a relatively higher SNR.

C. Application of JTRCB aided FD SM Systems in Drone
Communication

Recently, there has been a significant interest in drone aided
communication systems [41]-[45]. Owing to their easy deploy-
ability and wide range of applications, drones are becoming
increasingly popular, especially in the areas of search andres-
cue operations, providing temporary network coverage in large
gatherings such as sports events [44], providing emergency
network coverage in the disaster-struck areas [45] etc. In this
paper, we consider FD SM for establishing communication
between drones, i.e. air-to-air (A2A) links, as well as between
the drones and the terrestrial terminals, i.e. ground-to-air
(G2A) and air-to-ground (A2G) links. Specifically, we propose
a multi-hop relay system, where each drone acts as a relay
node that employs a RAS/RCS aided FD SM scheme.

Figure 4 gives a pictorial portrayal of a triple-hop network,
where two full-duplex drones (FD Drone 1 and FD Drone 2)
act as relays for establishing a communication link between
two geographically distant coverage areas (Coverage Area 1
to Coverage Area 2). Each of the FD drones transmit as well
as receive data simultaneously and facilitate informationflow
from Coverage Area 1to Coverage Area 2, as shown in Fig. 4.
In the next part of the paper, we provide our simulation results,
where we consider the network topology presented in Fig. 4.

There are several advantages in invoking FD SM systems
for drone communications:

1) The FD communication offers nearly doubled through-
put compared to its simplex counterpart, which enables
us to address the commonly seen congestion issue in
drone deployments, where a large number of users
simultaneously access the network.

2) Since small drones are battery operated, they have to
be energy-efficient. Thus, the SM becomes an ideal
MIMO transmission scheme owing to its reduced hard-
ware complexity and superior energy efficiency [16]
compared to other MIMO schemes, such as BLAST.

3) Furthermore, the RAS/RCS aided FD SM system further
reduces the hardware and power requirements of the sys-
tem, hence further improving the energy efficiency of the
system. In addition to the improved energy efficiency,
the RCS aided SM systems avoid the ill effects of strong
line-of-sight (LoS) channels, which are common in A2A
links.

IV. SIMULATION RESULTS AND DISCUSSIONS

Simulation scenario: In all our simulations, we have
employed at least10t+1 bits for evaluating a bit error rate
(BER) of 10t. We use the following notations for denoting
the RAS as well as the RCS schemes proposed in this paper.
The RAS scheme associated with various system parameters
is denoted byRAS(Nr,Mr,L), whereL denotes the size of
the QAM signal set, while the RCS scheme is denoted by
RCS(Nr,Nc,L), whereNc denotes the number of combiners.
The transmission parameters of the SM system areNt = 6
andNSM = 4, unless stated otherwise. In all our simulations,
we considerNc = 2, which corresponds to the polynomial of
f(x) = 1+x, unless stated otherwise. The receiver is assumed
to have perfect CSIR and employs ML decoding.

A. Validation of Receive Diversity Gain of RAS and RCS
Codebooks

In order to validate the theoretical claims on the achiev-
able diversity gain of our RAS and RCS codebooks, let us
consider a point-to-point SM transmission scheme having no
transmit diversity gain. Let the transmission parameters be
Nt = NSM = 4 and use a 4-QAM signal set, which ensure
that any diversity gain attained is only due to the receive
processing. Figure 5 provides the BER performance of various
RAS and RCS schemes along with the reference curves of the
form a/SNRr for comparison, wherea is a positive constant.
Specifically, Fig. 5(a) compares the attainable diversity order
of theRAS(2, 1, 4), RAS(4, 1, 4) andRAS(4, 2, 4) schemes.
It can be readily seen from Fig. 5(a) that the proposed RAS
codebooks indeed succeed in attaining the full receive diversity
gain ofNr. Figure 5(b) compares the attainable diversity order
of RCS(2, 2, 4), and RCS(4, 3, 4), which employf(x) =
1+x andf(x) = 1+x+x2 respectively. It can be seen from
Fig. 5(b) that the proposed RCS codebooks attain the expected
diversity gain as per our theoretical claims in Corollary 2 and
Corollary 3.
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Fig. 6. BER performance curves of the dual-hop relay system employing RAS(8, 1, 16), RAS(8, 2, 16) and RCS(8, 2, 16) over both communication
links. The performance curves correspond to three SINR values of 0dB, 3dB, and 6dB. The diversity order attained by the RAS schemes is twenty four,
whereas that attained by the RCS scheme is twenty one. All theschemes are assumed to operate at a spectral efficiency of 6 bpcu.
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Fig. 5. The achievable diversity gain of the RAS and RCS codebooks in
an SM scheme havingNt = NSM = 4 and employing 4-QAM signal set.
The reference curves of the forma/SNRr are provided for easily verifying
the diversity order attained by the proposed codebooks. Thediversity order
attained by the RAS schemes in Plot(a) are two and four, whereas that attained
by the RCS schemes in Plot(b) are one and four. All the schemesare assumed
to operate at a spectral efficiency of 4 bpcu.

B. Performance of RAS and RCS Codebooks in Dual-Hop
Relay Network

Let us consider a dual-hop relay network, where the source
node is equipped withNt = 6, NSM = 4 and the destination
node is equipped withNr = 8. The relay node is assumed
to be employing FD SM havingNr = 8, Nt = 6 and
NSM = 4. Note that the antennas used for transmission and
the reception at the relay node do not have to belong to
distinct sets. That is, when using RAS or RCS codebooks,
only one or two antennas are utilized out of the full set ofNr

antennas. Thus, the remaining antennas can be used for SM
transmission. In the above scenario, after the choice of RCB

which selects one or two antennas out ofNr = 8 antennas,
the remaining six antennas can be used for transmission, thus
reducing the effective number of antennas required for both
transmission as well as reception. Furthermore, let us denote
the communication link between the source node and the relay
node asLink 1 and that between the relay node and the
destination node asLink 2. Figure 6 gives the achievable BER
performance for three values of SINR over Link 1, Link 2 and
the effective error rate denoted byEnd-to-End. The following
observations can be made from Fig. 6:

1) theEnd-to-EndBER performance is dictated by the per-
formance ofLink 2 in all the three schemes considered;

2) the increase in SINR results in a proportional increase in
the performance degradation. This is evident from each
of the plots in Fig. 6, where theLink 1 andEnd-to-End
BER performance degrade as the SINR is increased from
0dB to 6dB;

3) the RAS(8, 2, 16) scheme which requires two receive
RF chains, attains a significantly better performance
compared to the other two schemes, which rely on a
single receive RF chain;

4) althoughRAS(8, 1, 16) and RCS(8, 2, 16) only use a
single receive RF chain, theLink 2 BER performance
of the latter scheme is better than that of the former.

Note that although theLink 2 BER performance of
RCS(8, 2, 16) is better than that ofRAS(8, 1, 16), the End-
to-EndBER performance is dominated by theLink 1 BER per-
formance. Figure 7 provides theLink 1 as well as theEnd-to-
End BER performance ofRAS(8, 1, 16) andRCS(8, 2, 16)
for various values of SINR, when the operating SNR is fixed
to 32dB. It is evident from Fig. 7 that theRCS(8, 2, 16)
gives a better BER performance than theRAS(8, 1, 16),
when the SINR is low. However, as the SINR increases, it
can be observed from Fig. 7 that the BER performance of



10

RCS(8, 2, 16) approaches that ofRAS(8, 1, 16).
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Fig. 7. Comparison of BER as a function of SINR in the dual-hoprelay
system employingRAS(8, 1, 16) andRAS(8, 2, 16).

Figure 8 compares theEnd-to-End BER performance
of the dual-hop relay system employingRAS(8, 1, M),
RAS(8, 2, M) andRCS(8, 2, M) in HD as well as FD modes.
In both the modes, all the schemes are assumed to be operating
at a spectral efficiency of 3 bpcu. The FD SM system is
assumed to have an SINR of 0dB. It is evident from Fig. 8
that the FD SM system outperforms its HD counterpart in all
the schemes considered. Specifically, an SNR gain of about
8dB is observed in case ofRAS(8, 1, M) andRCS(8, 2, M)
schemes and about 3dB in case ofRAS(8, 2, M).
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Fig. 8. End-to-EndBER performance curves of the dual-hop relay system
employing RAS(8, 1, M), RAS(8, 2, M) and RCS(8, 2, M) over both
communication links. The performance curves correspond tothe HD-SM as
well as the FD-SM systems. All the schemes are assumed to operate at a
spectral efficiency of 3 bpcu. In case of FD SM system, the SINRis assumed
to be 0dB.

Figure 9 compares theEnd-to-End BER performance
of the dual-hop relay system employingRAS(8, 1, 16),
RAS(8, 2, 16) and RCS(8, 2, 16), when operating in Ricean
channels havingK factors of 0dB and 20dB. It is evident from
Fig. 9 that the BER curves of all the schemes attain the same

diversity order even in the case of strong LoS channels.
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Fig. 9. End-to-EndBER performance curves of the dual-hop relay system
employing RAS(8, 1, 16), RAS(8, 2, 16) and RCS(8, 2, 16) over both
communication links. The two performance curves in each of the plots
correspond to the Ricean channels havingK factor of 0dB and 20dB. All
the schemes are assumed to operate at a spectral efficiency of6 bpcu and
have an SINR of 0dB.
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Fig. 10. Comparison of the BER performance in the two cases where
RAS(8, 2, 16) andRCS(8, 2, 16) are employed overLink 1 in conjunction
with RAS(8, 1, 16) andRCS(8, 2, 16) employed overLink 2. The diversity
order attained by the RAS schemes is twenty four, whereas that attained by
the RCS scheme is twenty one. Both the schemes are assumed to operate at
a spectral efficiency of 6 bpcu.

So far, we considered both the links to be employing the
same RCB (RAS or RCS). Let us now study the perfor-
mance of the dual-hop relay network, when different RCB
schemes are employed overLink 1 and Link 2. Let us
consider two cases, where communication overLink 1 relies
either on RAS(8, 2, 16) or on RCS(8, 2, 16). For each of
these choices, the BER performance ofLink 2 is studied
consideringRAS(8, 1, 16) andRCS(8, 2, 16). Figure 10 pro-
vides the attainable BER performance in the above scenar-
ios. Specifically, Fig. 10(a) provides the BER performance,
whenRAS(8, 2, 16) is employed overLink 1 and Fig. 10(b)
corresponds to the case, whereRCS(8, 2, 16) is employed.
It can be readily seen from Fig. 10(a) that the BER per-
formance ofLink 2 can be improved by about 3dB upon
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employingRCS(8, 2, 16) instead ofRAS(8, 1, 16). It is worth
mentioning that this improvement is attained by additionally
employing a combiner, while retaining the benefit of a single
RF chain, as in the case ofRAS(8, 1, 16). Since theEnd-
to-End BER performance is dictated by theLink 2 BER
performance, we see an overall improvement in the BER.
Observe from Fig. 10(b) that theLink 1 BER dominates the
overall performance and hence the improvement in theLink 2
BER performance is not helpful. Thus, it is important to ensure
that high-integrity schemes are employed over the source-to-
relay link and the low-complexity schemes are restricted to
the relay-to-destination link.

Note that the 3dB gain in the overall performance observed
in the case, whereRAS(8, 2, 16) is employed overLink 1
holds for other combinations ofLink 1 and Link 2 SNR
values as well. Figure 11 (see next page) gives the 2-D BER
performance plot ofLink 1 and Link 2 for the cases where
RAS(8, 1, 16) andRCS(8, 2, 16) are employed overLink 2.
Comparing Fig. 11(b) to Fig. 11(a), it can be readily seen
that there is a 3dB gain in theLink 2 SNR for a wide range
of Link 1 SNR values. It is important to note that the 3dB
advantage nearly doubles the range of the relay node without
requiring additional transmission power or computationally
intensive receive processing.

C. Application of RAS and RCS in Drone Communication

Consider the scenario depicted in Fig. 4, where both the
drones act as FD relays. Since both the drones have strong
line-of-sight (LoS) signal, we assume the A2A channel to be
Rician, while the A2G and G2A channels to be Rayleigh. In
order to understand the impact of the LoS component, we
first study the BER performance of various proposed RCBs
as a function of the LOS signal power quantified by the
K-factor measured in dB with respect to the signal power
in the non-deterministic component. We consider the simple
dual-hop network discussed earlier. Figure 12 compares the
attainable BER performance ofRAS(8, 1, 16), RAS(8, 2, 16)
andRCS(8, 2, 16) as a function ofK, when operating at an
SNR of 32dB, 24dB and 32dB, respectively. It is evident from
Fig. 12 that the RAS codebooks suffer from a performance
degradation asK increases, while the RCS scheme remains
relatively robust. This is due to the reduction in the effective
LoS signal strength owing to the combiner, which combines
two LoS components having random phase offsets and hence
statistically eliminating the detrimental effect of a highK.
Thus, the RCS codebooks not only give a better performance
compared to the RAS codebooks as observed in Fig. 7, but are
also quite robust to the ill effects of the strong LoS signals.

Owing to the strict space limitations of the journal, we
restrict our study of the proposed RCBs to two system con-
figurations. Let the first configuration(Config. 1)correspond
to the case, whereRAS(8, 1, 16) are employed over all the
three communication links of Fig. 4. The second configuration
(Config. 2)is chosen to be the same asConfig. 1, except that
RCS(8, 2, 16) is employed overLink 2, i.e. the A2A link
between the drones. Figure 13 compares theLink 2 andEnd-
to-End BER performance of both configurations mentioned
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Fig. 12. Variation of BER performance ofRAS(8, 1, 16), RAS(8, 2, 16)
andRCS(8, 2, 16) as a function ofK, when operating at an SNR of 32dB,
24dB and 32dB, respectively. All the schemes are assumed to operate at a
spectral efficiency of 6 bpcu.

above. It is evident from Fig. 13, thatConfig. 2outperforms
Config. 1, thanks to the robustness of the RCS codebooks to
strong LoS signals. Specifically, at a BER of10−4 Config. 2
achieves an SNR gain of about 2.5dB w.r.t.Config. 1. Thus,
we can infer that in a multi-hop drone system, where several
drones act as relays, it is essential to consider combiner based
codebooks to mitigate the detrimental effects of strong LoS
signals.
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Fig. 13. Comparison of BER performance inConfig. 1to that ofConfig. 2
in the triple-hop drone network in Fig. 4.

V. CONCLUSIONS

We have considered the family of feedback-assisted MIMO
systems employing both transmit as well as receive codebooks
and derived the attainable transmit and receive diversity order.
Specifically, the necessary and sufficient conditions on the
TCBs and RCBs to be met for attaining full diversity gain



12

Link 2 SNR (dB)

Li
nk

 1
 S

N
R

 (
dB

)

 

 

(a) Link 2 RAS(8,1,16)

4 8 12 16 20 24 28 32 36 40
4

8

12

16

20

24

28

32

36

40

1e−5

1e−4

1e−3

1e−2

1e−1

Link 2 SNR (dB)

Li
nk

 1
 S

N
R

 (
dB

)

(b) Link 2 RCS(8,2,16)

 

 

4 8 12 16 20 24 28 32 36 40
4

8

12

16

20

24

28

32

36

40

1e−5

1e−4

1e−3

1e−2

1e−1

13 dB10 dB

Fig. 11. Comparison of the BER performance in the two cases where RAS(8, 1, 16) and RCS(8, 2, 16) employed overLink 2 while RAS(8, 2, 16) is
employed overLink 1.

were obtained. Based on the conditions derived, several full-
diversity RCBs were designed by exploiting the properties of
circulant matrices embedding Cyclotomic polynomials. Fur-
thermore, the proposed codebooks were shown to significantly
reduce the hardware complexity of the interference cancel-
lation circuitry when employed in full-duplex SM systems.
The performance of the proposed codebooks was studied
in drone communication applications, where several drones
act as FD relays. Our simulation results have shown that
the proposed codebooks exhibit robustness both to the self-
interference encountered in full-duplex systems, and to strong
LoS signals. This resulted in an improved BER performance
without requiring additional transmission power.

VI. A PPENDIX A
PROOF OFPROPOSITION1

Proof: Let the optimal TCBXi∗ and receive processing
matrix Zj∗ be as in (4). When using the optimal TCB and the
receive processing matrix, the pairwise error probability(PEP)
between any two distinct transmit matrices inXi∗ indexed by
i1 and i2 is given by

PEP (Xi1 → Xi2 |H) = Q

(

√

ρ/Mt

2
‖Zj∗H (Xi1 −Xi2) ‖

)

,

(26)

≤ 1

2
exp

(

− ρ

4Mt

‖Zj∗H (Xi1 −Xi2 ) ‖2
)

.

(27)

Then we have

‖Zj∗H (Xi1 −Xi2 ) ‖2 ≥ ‖Zj∗HXmin(j∗, i∗)‖2F , (28)

≥ 1

mn

m
∑

j=1

‖ZjHX̄j‖2F . (29)

The inequality in (29) follows from the fact that(Zj∗ ,Xi∗)
corresponds to the maximum ED among the elements in the
set{(Zj ,Xi) | 1 ≤ i ≤ n, 1 ≤ j ≤ m}. Furthermore, we have

‖ZjHX̄j‖2F = Tr(ZjHX̄jX̄
H
j HHZH

j ), (30)

which can be equivalently written as

vec(HH)H

»

“

Z
T
j ⊗ INt

”“

INr ⊗ X̄jX̄
H
j

”“

Z
T
j ⊗ INt

”H
–

vec(HH).

(31)

Thus, we have
m
∑

j=1

‖ZjHX̄j‖2F = vec(HH)HAvec(HH), (32)

whereA = (
∑m

j=1
Bj) ∈ CNrNt×NrNt so that

Bj =
(

ZT
j ⊗ INt

) (

INr
⊗ X̄jX̄

H
j

) (

ZT
j ⊗ INt

)H
, (33)

=
(

ZH
j Zj

)T ⊗ X̄jX̄
H
j . (34)

From [46], the moment generating function of the Hermitian
quadratic form in (32) can be written as

Φ(s) = |INrNt
− sA|−1

, (35)

=

NrNt
∏

k=1

(1− sλk(A))−1. (36)

Thus, from (27) and (29) we have

PEP (Xi1 → Xi2 |H) ≤ 1

2
exp



− ρ

4Mtmn

m
∑

j=1

‖ZjHX̄j‖2


 ,

(37)

and upon averaging overH, we arrive at

PEP (Xi1 → Xi2) ≤
1

2
E

"

exp

 

−
ρ

4Mtmn

m
X

j=1

‖ZjHX̄j‖
2

!#

.

(38)

Invoking (36), we have

PEP (Xi1 → Xi2) ≤
1

2

NrNt
∏

k=1

(

1 +
ρ

4Mtmn
λk(A)

)−1

.

(39)
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If r = rank(A), then at a high SNR we have

PEP (Xi1 → Xi2 ) ≤
1

2

(

ρλsm(A)

4Mtmn

)−r

. (40)

Thus, the probability of symbol errors at high SNRs can be
bounded as

Pe ≤
1

|Xi∗ |
∑

Xl1
∈Xi∗

∑

Xi1
6=Xi2

∈Xi∗

PEP (Xi1 → Xi2),

≤ (|Xi∗ | − 1)

2

(

ρλsm(A)

4Mtmn

)−r

.

This concludes the proof.

VII. A PPENDIX B
PROOF OFPROPOSITION2

Proof: From Proposition 1 we know that the attainable
diversity order of the feedback assisted MIMO system em-
ploying (4) is given byr = rank(

∑m
j=1

Bj), whereBj =
(

ZH
j Zj

)T ⊗ X̄jX̄
H
j . We have

rank





m
∑

j=1

Bj



 = rank





m
∑

j=1

(

ZH
j Zj

)T ⊗ X̄jX̄
H
j



 , (41)

≤ NrNt, (42)

since each matrixBj is of dimensionNrNt×NrNt, the rank
of their sum is at mostNrNt. If the equality holds in (42), it
holds for all the values of

Bj ∈
{

(

ZH
j Zj

)T ⊗ X̄jX̄
H
j | Zj ∈ Z, X̄j ∈ ∆X̄

}

. (43)

Thus, the equality should hold for

Bj ∈
{

(

ZH
j Zj

)T ⊗ X̄X̄H | Zj ∈ Z
}

(44)

⊂
{

(

ZH
j Zj

)T ⊗ X̄jX̄
H
j | Zj ∈ Z, X̄j ∈ ∆X̄

}

, (45)

whereX̄ ∈ ∆X̄ is a fixed element. In this case, we have

rank





m
∑

j=1

Bj



 = rank





m
∑

j=1

[(

ZH
j Zj

)

⊗ (X̄X̄H)T
]T



 ,

(46)

= rank





m
∑

j=1

[(

ZH
j Zj

)

⊗ (X̄X̄H)T
]



 ,

(47)

= rank





m
∑

j=1

[(

ZH
j Zj

)]

⊗ (X̄X̄H)T



 ,

(48)

= rank





m
∑

j=1

[(

ZH
j Zj

)]



 rank(X̄X̄H),

(49)

= rank
(

Z̄HZ̄
)

rank(X̄X̄H). (50)

Thus, it is necessary to haverank(Z̄) = Nr and
Nt = min{rank(X̄) | X̄ ∈ ∆X̄ } in order to have

rank
(

Z̄H Z̄
)

rank(X̄X̄H) = NrNt and hence attain the full
diversity gain. When the rows ofZj ’s are not orthonormal,
we have

Z̄ =

2

6

6

6

4

(Z1Z
H
1

)−1/2 0 · · · 0
0 (Z2Z

H
2

)−1/2 · · · 0
...

...
. . .

...
0 0 · · · (ZmZ

H
m)−1/2

3

7

7

7

5

2

6

6

6

4

Z1

Z2

...
Zm

3

7

7

7

5

,

(51)

and the same necessary condition holds. For sufficiency, con-
sider

rank





m
∑

j=1

Bj



 = rank





m
∑

j=1

[(

ZH
j Zj

)

⊗ (X̄jX̄
H
j )T

]



 ,

(52)

= rank





m
∑

j=1

[(

ZH
j Zj

)

⊗ (L̄H
j L̄j)

]



 ,

(53)

whereL̄j is the Cholesky factor [47] of(X̄jX̄
H
j )T . Further-

more, we have
m
∑

j=1

[(

ZH
j Zj

)

⊗ (L̄H
j L̄j)

]

=
m
∑

j=1

[

Zj ⊗ L̄j

]H [

Zj ⊗ L̄j

]

,

(54)

= ḠHḠ, (55)

where

Ḡ =











Z1 ⊗ L̄1

Z2 ⊗ L̄2

...
Zm ⊗ L̄m











. (56)

It may be readily shown that ifrank(Z̄) = Nr, then
rank(Ḡ) = NrNt, since eachL̄j is of rank Nt owing to
the condition thatmin{rank(X̄) | X̄ ∈ ∆X̄ } = Nt. The same
condition holds for the case whereZj ’s are not orthonormal.
This concludes the proof.
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