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Abstract— This paper proposes a novel quadrature space-
frequency index modulation (QSF-IM) scheme as a promising
energy-efficient radio-access technology for the fifth generation
(5G) wireless systems. Motivated by the potential energy saving
of spatial modulation (SM) with the part of information being
carried through antenna indexes, the proposed scheme further
leverages the benefits of SM by applying the idea across the spa-
tial and frequency domains. Moreover, by deploying dual antenna
constellation for in-phase and quadrature-phase transmission,
the proposed scheme can enhance data rate at no extra cost of
energy consumption, leading to further improvement in energy
efficiency. Theoretical bit error rate and achievable sum-rate of
the proposed scheme over frequency-selective correlated Rician
and Rayleigh fading channels are derived and are shown to have
good agreement with simulations. Furthermore, the effectiveness
of the proposed scheme is analyzed through a comprehensive list
of performance metrics, including spectral efficiency (SE), energy
efficiency (EE), cost efficiency (CE), and economic efficiency.
Performance trade-offs between these metrics are thoroughly
investigated. Compared with other existing schemes, the proposed
QSF-IM scheme is demonstrated to offer better EE-SE and
EE-CE tradeoffs, and can therefore be considered as a potential
candidate for energy-spectral efficient 5G systems.
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I. INTRODUCTION

THE fifth generation (5G) wireless system is targeted
to offer 1000 times the system capacity, 10 times the

spectral efficiency (SE) and data rate, and 25 times the
average cell throughput, compared to the fourth generation
(4G) network [1]. Not only does the 5G network aim to
enhance system throughput and user data rate, significant
improvement in energy efficiency (EE) and cost efficiency
(CE) is also expected [2]. This has attracted considerable
interest in researching revolutionary wireless technologies to
meet these challenging targets.

Multiple-input multiple-output (MIMO) technology is one
of the key techniques to improve the system capac-
ity and reliability of wireless communication networks
[3]–[6]. Various MIMO techniques have been intensively
investigated in the literature, including spatial multiplex-
ing, spatial diversity and beamforming schemes [4], [5].
In 2008, another MIMO transmission scheme, referred
to spatial modulation (SM) [7]–[10], was proposed and is
envisioned to be a promising alternative candidate for 5G
radio access technology [1], [10]. In SM systems, user
data is conveyed by two information carrying units, namely
the antenna index and the modulated symbol. Furthermore,
only a single transmit antenna is active at each time
instant [7]. Consequently, only one radio frequency (RF) chain
is required at the transmitter, leading to significant advan-
tages over the conventional MIMO schemes, including mitiga-
tion of inter-channel interference, relaxation of inter-antenna
synchronization requirements, and reduction of receiver
complexity [9].

SM has been further enhanced into variant schemes. A spe-
cial form of SM, when the user information is carried by
the antenna indexes only, was investigated in [11] and [12]
and is referred as the space-shift keying (SSK) scheme. Gen-
eralized spatial modulation (Gen-SM) and generalized SSK
(GSSK) techniques, allowing transmission on multiple active
antennas, were studied in [13]–[15]. Moreover, instead of
using the indexes of the transmit antennas, the indexes of
the receive antennas were adopted for carrying information
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bits, resulting in the receive SM (RSM) or precoding-aided
SM (PSM) schemes [16], [17]. In addition to the spatial
domain, the concept of index modulation (IM) can also be
applied across other domains, including the time and frequency
domains, leading to space-time shift keying (STSK) [18]
and orthogonal frequency division multiplexing with index
modulation (OFDM-IM) [19]–[23] techniques, respectively.
Other schemes that combine OFDM-IM and MIMO trans-
mission techniques, referred to as MIMO OFDM with index
modulation (MIMO-OFDM-IM) schemes, are also presented
in [24]–[26]. Furthermore, an enhanced SSK scheme that
utilizes dual antenna constellation was proposed in [27] and
is referred to as Bi-SSK (Bi-SSK) modulation. By splitting
the real part and the imaginary part of the SSK symbols and
transmitting them onto separate antenna constellations, double
spectral efficiency can be achieved with comparable receiver
complexity with the conventional SSK scheme. This idea was
generalized in [28] and [29] for supporting arbitrary signal
modulation, and is known as the quadrature spatial modulation
(QSM) scheme. It should be noted that, although dual antenna
constellation is deployed, Bi-SSK and QSM techniques rely
on a single active modulated symbol as well as exploit the
antenna constellation on the spatial domain only.

Motivated by Bi-SSK and QSM techniques, this paper pro-
poses a novel SM-based transmission scheme that enables the
application of dual antenna constellation to arbitrary numbers
of active modulated symbols and can be applied across spatial
and frequency domains. The proposed scheme is referred to
as a quadrature space-frequency index modulation (QSF-IM)
scheme. Bit error rate (BER) performance and SE of the
proposed scheme are analyzed and are demonstrated to be
in close proximity to simulation. Other performance metrics,
including EE, CE, and economic efficiency (ECE), are also
investigated. The proposed scheme is shown to outperform
the existing and conventional SM-based schemes in terms of
BER and SE performance, and offer better performance trade-
offs with respect to SE-EE, SE-CE (or SE-ECE), and EE-
CE (or EE-ECE). The key contributions of this paper can be
summarized as follows:

1) A novel SM-based transmission scheme, namely the
QSF-IM scheme, is proposed and is studied with maxi-
mum likelihood (ML) detection. In contrast to [27]–[29],
the proposed scheme allows the use of dual antenna
constellation with multiple active modulated symbols.
Moreover, the dual antenna constellation is not only
utilized in the spatial domain, but also applied across
the frequency domain, forming a joint space-frequency
(SF) resource unit, referred to as a SF resource block
(RB), which is suitable for deployment in 5G wireless
systems.

2) BER performance and SE of the proposed scheme
over frequency-selective and correlated Rician (and
Rayleigh) fading channels are derived and are shown
to agree well with simulations. To the best of the
authors’ knowledge, this is the first analytical result
for dual antenna constellation-based SM schemes
over frequency-selective and correlated Rician fading
channels.

3) This paper is also one of the pioneering works that
comprehensively incorporate various metrics into perfor-
mance evaluation. Not only are BER and SE considered
in this work, EE, CE, and ECE are also studied. Trade-
offs between these metrics, such as SE-EE, SE-CE
(or SE-ECE), and EE-CE (or EE-ECE) trade-offs, are
thoroughly analyzed. In particular, the proposed scheme
is demonstrated to achieve the better SE-EE and EE-CE
trade-offs, compared with existing schemes, highlight-
ing the potential of its deployment in energy-efficient
5G networks.

The remainder of the paper is organized as follows.
In Section II, the system model and the proposed QSF-IM
scheme are introduced. In Section III, the BER analysis of the
proposed QSF-IM scheme is described. The ergodic achievable
rate is studied in Section IV. In Section V, EE, SE CE, and ECE
are analyzed. Simulation results are presented in Section VI.
Finally, conclusions are drawn in Section VII.

Notation: Tr(·), (·)T , and (·)H denote the trace, transpose,
and Hermitian, operations, respectively. C(m, n) denotes the
binomial coefficient and [A]u,v represents the (u, v)-th element
of matrix A. The vectorization, vec(A), is the operator which
stacks the columns of A into a column vector, and ivec(a, r, c)
is defined as the operator that arranges a column vector a
into a matrix with r rows and c columns. An n × 1 vector
with all elements being 1 is also denoted as 1n . The block
diagonalization operation of square matrices is denoted as
blkdiag{·}. Moreover, AF

G or (A)FG represent submatrics of the
r × c matrix A, formed by taking only the rows indexed by
F ⊆ {1, 2, . . . , r} and columns indexed by G ⊆ {1, 2, . . . , c},
and

�
αn,m

�
denotes the set of all C(m, n) ordered length-n

subsets of the numbers {1, 2, . . . ,m}.

II. SYSTEM MODEL AND THE PROPOSED

QSF-IM SCHEME

Let us consider a MIMO-orthogonal frequency division
multiplexing (OFDM) system over a correlated frequency-
selective Rician fading channel with Nt transmit antennas and
Nr receive antennas. The number of OFDM subcarriers and
the size of fast Fourier transform (FFT) are assumed to be N .
The total number of N subcarriers is divided into ng groups,
each with n subcarriers, i.e., ng = N

n . The n subcarriers for
each group with Nt transmit antennas form a RB, containing
nNt SF resource units.

A. The Proposed QSF-IM Transmission Scheme

The block diagram of the proposed QSF-IM transmitter
can be depicted in Fig. 1. For each RB, a block of m
information bits are processed and divided into three groups,
i.e., m = m1 + m2 + m3. The first group with m1 =
klog2(M) bits is mapped into k modulated symbols by
M-ary quadrature amplitude modulation (QAM), phase shift
keying (PSK), or other symbol modulation schemes. Each
modulated symbol is assumed to have unit average power.
The resulting k modulated symbols are then decomposed
into their real and imaginary parts, corresponding to the
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Fig. 1. Block diagram of the proposed QSF-IM transmitter.

in-phase and the quadrature-phase components of the mod-
ulated signal, respectively. The k in-phase components are
further mapped into k out of nNt available SF indexes in
the RB using the information bits of the second group with
m2 = �

log2
�
C(nNt , k)

��
bits. This process can be referred

to as space-frequency index modulation (SF-IM). A similar
process is applied to the k quadrature-phase components using
the third group with m3 = �

log2
�
C(nNt , k)

��
information

bits. The in-phase and quadrature-phase components are then
combined and processed by the antenna-subcarrier mapper
before conventional OFDM signal processing in each transmit
antenna chain.

Let us consider a block of information bits of the b-th
RB, denoted as db = [dT

b,1,dT
b,2,dT

b,3]T with dT
b,i ∈ I

mi ,
i ∈ {1, 2, 3} and I ∈ {0, 1}. Let f1 : db,1 → sb represent a
mapping from db,1 to a vector of modulated symbols, denoted
as sb ∈ S

k with S being a set of M constellation symbols
and E

�
sbsH

b

� = EsIk . The SF-IM process for in-phase and
quadrature components can also be defined as f2 : db,2 →
Jb,I and f3 : db,3 → Jb,Q , respectively, with Jb,I (and
Jb,Q) being a set of k active SF resource units associated
to the in-phase (quadrature-phase) signal. Specifically, Jb,q =
{ jb,q,1, jb,q,2, . . . , jb,q,k} for q ∈ {I, Q}, with the active index
of the i -th symbol given by jb,q,i = (ci − 1)Nt + ai , with
ai ∈ {1, . . . , Nt } and ci ∈ {1, . . . , n}, corresponding to the
a-th transmit antenna and the relative subcarrier index ci of
the b-th RB. Note that the absolute subcarrier index in the
OFDM block for the subcarrier index ci in the b-th RB can
be given as (b−1)n+ci , with 1 ≤ (b−1)n+ci ≤ N . Denoting
Jb = (Jb,I , Jb,Q) as the spatial constellation symbols, the
constellation size of Jb can be given by MJ = 2m2+m3 .
With the modulated symbols, sb, and the spatial constellation
symbols, Jb, the transmitted symbols of the b-th RB in the
frequency domain can be expressed as Vb = Vb,I + jVb,Q ,

where

(Vb,I ,Vb,Q) = f (sb, Jb) (1)

with f : (sb, Jb) → (Vb,I ,Vb,Q) being a mapping func-
tion from (sb, Jb) to (Vb,I ,Vb,Q), and Vb,I ,Vb,Q ∈ C

n×Nt

representing the in-phase and the quadrature-phase compo-
nents of Vb. Note that only k out of nNt elements of
Vb,q are non-zero, corresponding to Jb,q . The transmit sym-
bols for all RBs in the frequency domain can be given by

V =
�
VT

1 ,VT
2 , . . . ,VT

ng

	T ∈ C
N×Nt . After processed by the

inverse FFT (IFFT), the time-domain OFDM block can be
expressed as

U = 1√
N

WH
N V (2)

where WN is the discrete Fourier transform (DFT) matrix,
i.e., [WN ]u,v = e− j 2πuv

N with 1
N WH

N WN = IN . It follows
that E

�
Tr



UH U

�� = ngk Es . A cyclic prefix (CP) of length
Ncp samples is then appended to the beginning of the OFDM
block. The OFDM signal in the time-domain is obtained after
parallel-to-serial (P/S) and digital-to-analog RF conversion.
Note that the total transmitted energy per OFDM block can be
written as

�
N+Ncp

N



ngk Es = (N + Ncp)


 k
n

�
Es and the energy

per bit (Eb) is given by
�

N+Ncp
N


 �
ngkEs
ng m



=
�

N+Ncp
N


 
 k
m

�
Es .

B. System Model

Referring to the equivalent channel matrix of the b-th RB
in the frequency domain, Gb ∈ C

nNr ×nNt , as given in (54) in
Appendix A, the equivalent frequency-domain representation
of the system can be expressed as

yb = �
EsGbxb + wb (3)
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where yb ∈ C
nNr and wb ∈ C

nNr are the received signal vector
and the noise vector in the frequency domain, respectively, and
the normalized transmitted vector xb can be obtained as

xb = 1√
Es

vec
�

VT
b



= [xb(1)

T , . . . , xb(n)
T ]T (4)

with xb(c) ∈ C
Nt is the transmitted vector of the c-th

subcarrier in the b-th RB. Each element of wb is assumed
to be independent and identically distributed (i.i.d.) complex
Gaussian random variable with zero mean and variance N0.
It is also useful in subsequent discussion to express (3) in an
alternative form, as given by

yb = �
EsXbgb + wb (5)

where gb = vec


GT

b

�
and X = blkdiag

c∈{1,...,n}
{Xb(c)} with

Xb(c) = INr ⊗ xb(c)T .

C. Signal Detection

At the receiver, the active SF indexes and the transmitted
modulated symbols need to be detected for each RB. Denoting
xb = 


xb,I + jxb,Q
�

with xb,I , xb,Q being the in-phase and
the quadrature-phase components of xb, the ML detection can
be applied by searching for all of 2m possible combinations
of xb,I , xb,Q , as given by
�
x̂b,I , x̂b,Q

� = arg min{xb,I , xb,Q}�yb −�
EsGb



xb,I + jxb,Q

��2.

(6)

Consequently, the detected signal vectors x̂b,I , x̂b,Q can be
used to retrieve the signal constellation and the spatial constel-
lation symbols, (ŝb, Ĵb), as well as the estimated information
bits, d̂b. It is noted that the ML detector in (6) is assumed in the
performance analysis in Section III. Nevertheless, the decoding
complexity of the ML detector is in the order of O (2m) ≈
O 

(nNt M)k

�
per RB, which could become impractical due

to exponentially increasing complexity, especially with higher
order modulation and higher MIMO order. Low-complexity
near-/sub-optimal detectors should, therefore, be developed for
practical deployment, e.g., by extending the works in [22] and
[24]–[26]. This will be considered as one of the key aspects
in our future work, as highlighted in Section VIII.

D. Special Cases of the QSF-IM Scheme

Special cases of the proposed QSF-IM can be shown
to be equivalent to several existing SM-based schemes.
Specifically, the QSM scheme [28], [29] is a special case
of the QSF-IM scheme when QSF-IM is applied across the
spatial domain only. Another special form of the QSF-IM
when the information bits are conveyed by SF indexes only
can be referred to as QSF-index shift keying (QSF-ISK).
It can be shown that the Bi-SSK scheme [27] is a special
case of QSF-ISK with QSF-ISK being adopted across the
spatial domain only. Moreover, by exploiting the frequency
domain only, i.e., using Nt = 1, QSF-IM can be reduced to
a quadrature OFDM index modulation (Q-OFDM-IM)
scheme. A similar scheme as Q-OFDM-IM is also

proposed in [21], wherein it is referred to as an
OFDM with generalized index modulation 2 (OFDM-GIM2)
scheme. Further, the OFDM-IM scheme [19] is shown to be
a special case of Q-OFDM-IM when the single (instead of
dual) antenna constellation is applied.

III. BER ANALYSIS OF THE QSF-IM SCHEME

In this section, the BER performance of the QSF-IM scheme
is evaluated by using the well-known union bound, which can
be written as

BER ≤ 1

mXnX

�

X

�

X̂

P
�

X → X̂



nH (X, X̂) (7)

with P
�

X → X̂



denoting the pairwise error probability
(PEP), i.e., the probability that the codeword X is decoded as
X̂ assuming that X and X̂ are only two possible codewords,
and nH (X, X̂) being the Hamming distance between X and X̂.
Moreover, mX and nX represent the number of information bits
and the number of the possible realizations of X, respectively.

A. QSF-IM With Correlated Rician Fading Channels

By extending (5) to all RBs, the equivalent frequency-
domain representation of the system can be written as

yF = �
EsXF gF + wF (8)

with yF = [yT
1 , . . . , yT

ng
]T , XF = blkdiag

�
X1, . . . ,Xng

�
,

gF = [gT
1 , . . . , gT

ng
]T , and wF = [wT

1 , . . . , wT
ng

]T . It can be
shown in Appendix B that gF is a complex Gaussian vector
with the mean vector ḡF and the covariance matrix QF given
by (57) and (60), respectively. Following similar arguments
in [19], it can be shown that QF is a Hermitian Block-Toeplitz
matrix and the BER performance for each RB is identical. Any
arbitrary RB can be considered and thus, the subscript b in (3)
and (5) will be omitted in subsequent discussions, without loss
of generality. Considering (5), it follows from (57) and (60)
that the mean vector of g, denoted as ḡ, can be given by

ḡ =
�

K

K + 1



1n ⊗ INr Nt

�
vec

�
H̄(0)T



(9)

and the covariance matrix, denoted as Q, can be expressed as

Q = 1

K + 1

�
Wn�̆WH

n



⊗ (Rr ⊗ Rt ) (10)

where Wn ∈ C n×N being a submatrix containing the first n
rows of WN . It can be verified that the covariance matrices
of other RBs, being nNr Nt × nNr Nt submatrices centered
along the main diagonal of QF with appropriate starting
positions, are identical to Q. It is known from [19] that the
conditional pairwise error probability (CPEP) of the system
can be expressed as

P
�

X → X̂|g



= Q

��
δEs

2N0

�

(11)

where δ = �
�

X − X̂



g�2 = gH Ag with A =
�

X − X̂

H �

X − X̂



. By applying the alternative integral form
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of the Q-function, i.e., Q(x) = 1
π

� π
2

0 exp
�
− x2

2sin2θ



dθ , the

CPEP in (11) can be rewritten as

P
�

X → X̂|g



= 1

π

� π
2

0
exp

�
− δEs

4N0sin2θ

�
dθ. (12)

By integrating over the randomness of the channel coef-
ficients, the unconditional pairwise error probability (UPEP)
can be expressed as [31]

P
�

X → X̂



= 1

π

� π
2

0
Eδ

�
exp

�
− δEs

4N0sin2θ

��
dθ

= 1

π

� π
2

0
�δ

�
− Es

4N0sin2θ

�
dθ (13)

where �δ(t) = Eδ
�
etδ

�
is the moment-generating function

(MGF) of the random variable δ. For a given pair of
�

X, X̂



,
using the knowledge that g is a complex Gaussian vector with
the mean vector ḡ and the covariance matrix Q given in (9)
and (10), the MGF can be obtained as [31], [32]

�δ(t) =
exp

�
t ḡH A



InNr Nt − tQA

�−1 ḡ



det


InNr Nt − tQA

� . (14)

Using (14), the UPEP in (13) can be expressed as

P
�

X → X̂



= 1

π

×
� π

2

0

exp

�
− Es

4N0sin2θ
ḡH A

�
InNr Nt + Es

4N0sin2θ
QA


−1
ḡ
�

det
�

InNr Nt + Es
4N0sin2θ

QA

 dθ.

(15)

B. QSF-IM With Correlated Rayleigh Fading Channels

Let us consider the case of Rayleigh fading channels, i.e.,
K = 0 and ḡ = 0nNr Nt ×1. It follows that the MGF in (14)
reduces to

�δ(t) = �
det



InNr Nt − tQA

��−1 =
ν�

i=1

(1 − tλi )
−1 (16)

where λi are the eigen values of QA and ν = rank (QA).
Consequently, the UPEP in (15) can be expressed as

P
�

X → X̂



= 1

π

� π
2

0

ν�

i=1

�
1 + Es

4N0sin2θ
λi

�−1

dθ

≤ 1

2

ν�

i=1

�
1 + Es

4N0
λi

�−1

(17)

where the upper bound (17) is obtained using the inequality
sin2θ ≤ 1. For high signal-to-noise ratio (SNR) values, (17)
can be approximated as

P
�

X → X̂



≤ 1

2

�
Es

4N0

�−ν ν�

i=1

1

λi
. (18)

In addition to the integral form in (17), a closed-form
expression of the UPEP can be derived by applying a closed-
form approximation of the Q-function, given by [19]

Q(x) ≈ 1

12
e− x2

2 + 1

4
e− x2

3 . (19)

Substituting (19) into (11) and following the analysis in [19],
it can be shown that the UPEP can be written as

P
�

X → X̂



≈ 1

12

�
det

�
InNr Nt + Es

4N0
QA

��−1

+ 1

4

�
det

�
InNr Nt + Es

3N0
QA

��−1

= 1

12

ν�

i=1

�
1 + Es

4N0
λi

�−1

+ 1

4

ν�

i=1

�
1 + Es

3N0
λi

�−1

. (20)

For high SNR values, (20) can be approximated as

P
�

X → X̂



≈
�

4ν

12
+ 3ν

4

��
Es

N0

�−ν ν�

i=1

1

λi
. (21)

It can be readily seen from (18) and (21) that the diversity
order and the coding gain of the system are determined by
ν and

�ν
i=1 λi , i.e., the rank and the eigenvalues of QA,

respectively. For the diversity order, it follows from the rank
inequality [33] that ν ≤ min (rank (Q) , rank (A)). It is seen
from (10) that Q largely depends on the characteristics of
the channels, i.e., power delay profiles and spatial correction.
Considering that Q is full rank, it can be shown that ν ≤
min (nNr Nt , rank (A)) = rank (A) ≤ nNr . It can be seen that
the diversity order increases with Nr . For the coding gain, it
follows that det (QA) = det (Q) det (A). To achieve diversity
and coding benefits, general criteria and guidelines on the
design of QSF-IM schemes can be formalized as follows:

1) Diversity gain: the minimum symbol-wise Hamming
distance over all pairs of codewords, i.e., the mini-

mum of rank (A) = rank

��
X − X̂


H �
X − X̂


�
for all

(X, X̂), should be maximized.
2) Coding gain: the minimum of det (A) over all codeword

pairs should be maximized.

IV. ERGODIC ACHIEVABLE RATE ANALYSIS

The achievable rate of the proposed scheme is analyzed in
this section. Using (3) and following the analysis in [34], the
ergodic achievable sum rate of the QSF-IM scheme can be
given by R = E {I (x,G; y)} = E {I (s, J ; y)} = R1 + R2
with

R1 � E {I (s; y|J )} (22)

R2 � E {I (J ; y)} (23)

where the mutual information is evaluated for a given channel
realization, and the expectation is averaged over all channel
realizations.

A. Calculation of (22)

Conditioned a channel realization, I (s; y|J ) can be
regarded as the mutual information, i.e., the achievable rate,
of a deterministic MIMO channel. As a result, the sum rate
analysis of MIMO channels available in the literature can be
applied to compute (22). Following the analysis in Section III,
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any arbitrary RB can be considered for performance evalua-
tion. Thus, in the following discussion, the equivalent system
description (3) is considered with the subscripts b being
omitted for simplicity. Using (1) and (4), the transmit vector
can be rewritten as x = ϒ JI xI + jϒ JQ xQ , with ϒ JI (and ϒ JQ )
denoting the diagonal matrices wherein the diagonal entries
corresponding to the active SF indexes JI (and JQ ) are
set to 1, and equal to 0 otherwise. Since xI and xQ are

independent, equivalent as x = ϒ J s with ϒ J =
�

ϒ2
JI

+ ϒ2
JQ

.
Consequently, (3) can be rewritten as

y = �
EsGϒ J s + w. (24)

The achievable rate can be given by

EG {I (s; y|J )}
= EG

�
EJ

�
log2det

�
InNr + ρGϒ J ϒ H

J GH

  

= EG

!

EJ

!
n�

c=1

log2det
�

INr +ρG(c)ϒ J (c)ϒ J (c)
H G(c)H



""

= 1

MJ

MJ�

J=1

n�

c=1

RJ,c (25)

with RJ,c = EG(c)
�
log2det



INr + ρG(c)BJ (c)G(c)H

��

and ρ = Es
N0

. Note that (25) is obtained from the knowl-
edge that G is a block-diagonal matrix, expressed as G =
blkdiag (G(1), . . . ,G(n)), and ϒ J can be written as ϒ J =
blkdiag (ϒ J (1), . . . ,ϒ J (n)). Further, (25) follows since ϒ J ,
for J = 1, 2, . . . ,MJ , is equally probable, with BJ (c) =
ϒ J (c)ϒ J (c)H . Notice that the term G(c)BJ (c)G(c)H in (25)
is a quadratic form of a complex Gaussian matrix G(c)
associated with a constant Hermitian matrix BJ (c), and the
evaluation of RJ,c in (25) has been studied in the literature.
Relevant results for correlated Rician and Rayleigh fading
channels are given as follows:

1) Correlated Rician Fading Channels: Let rJ,c =
rank {ϒJ (c)}, and

�
βJ,c

�
represent the set of rJ,c active SF

indexes associated to J and the subcarrier c. Denoting y =�
y(1)T , . . . , y(n)T

�T
and w = �

w(1)T , . . . ,w(n)T
�T

, a full-
rank equivalent representation of (24) for the subcarrier c can
be expressed as

y(c) = �
EsZJ,csJ,c + w(c) (26)

where sJ,c = (s)βJ,c and ZJ,c = GJ,cϒ J,c, with GJ,c =
(G)βJ,c

, ϒ J,c = (ϒ J )
βJ,c
βJ,c

. Following the discussion in
Section III-A, it can be shown that ZJ,c has a matrix-variate
complex Gaussian distribution with mean matrix Z̄J,c and
covariance matrix QJ,c given by

Z̄J,c =
�

K

K + 1

��
In ⊗ H̄(0)

	
ϒ J




βJ,c
(27)

QJ,c = E
�
(zJ,c − z̄J,c)(zJ,c − z̄J,c)

H
 

= 1

K + 1



Rr ⊗ �J,c

�
(28)

with zJ,c = vec
�

ZT
J,c



, z̄J,c = vec

�
Z̄T

J,c



, and �J,c =

(Rtϒ J )
βJ,c
βJ,c

. It is seen that the achievable rate of the system

in (26) has been well investigated in the literature, e.g., the
upper bounds and lower bounds given in [30] and [35] can be
used as an approximation of the achievable rate. To illustrate
this, the upper bound derived in [35] is applied here as an
estimate of RJ,c in (25), as written by

RJ,c ≈ log2

� v�

l=1

�
bρ

Nt

�l �

{αl,v }
det



�
αl,v
αl,v

� �

{αl,u }
det



�
αl,u
αl,u

�

×(l − Lαl,u )!
det

�
(l − Lαl,u + j + θ̃

j
i )θ̃

j−1
i




�Lαl,u
i< j (θ̃ j − θ̃i )

�
(29)

where θ̃1, . . . , θ̃Lαl,u
are the non-zero eigenvalues of

�̃(αl,u , αl,v ) = a

b



�
αl,u
αl,u

�−1 

M̄αl,v
αl,u

�H 

�
αl,v
αl,v

�−1 

M̄αl,v
αl,u

�

(30)

with a = K
K+1 , b = 1

K+1 , u = max(Nr , rJ,c), v =
min(Nr , rJ,c), and

� =
!

Rr , Nr ≤ rJ,c

�J,c, Nr > rJ,c
(31)

� =
!

�J,c, Nr ≤ rJ,c

Rr , Nr > rJ,c
(32)

M̄ =
!

Z̄J,c, Nr ≤ rJ,c

Z̄H
J,c, Nr > rJ,c.

(33)

2) Correlated Rayleigh Fading Channels: It can be seen
from (33) that, for Rayleigh fading channels with K = 0,
M̄ = 0Nr ×rJ,c . Consequently, (29) can be reduced to

RJ,c ≈ log2

⎛

⎝
v�

l=1

�
bρ

Nt

�l

l!
�

{αl,v }
det



�
αl,v
αl,v

� �

{αl,u }
det



�
αl,u
αl,u

�
⎞

⎠.

(34)

It follows that the achievable rate R1 in (22) can be obtained
by substituting (29) (for Rician case) or (34) (for Rayleigh
case) into (25).

B. Calculation of (23)

Using the property that the mutual information cannot
increase by performing additional processing [36], it follows
that E {I (J ; y)} ≥ E{I (J ; ŝ, Ĵ )}, with

I
�

J ; ŝ, Ĵ



= I
�

J ; ŝ| Ĵ



+ I
�

J ; Ĵ



= I
�

J ; Ĵ



= H (J )− H
�

J | Ĵ



(35)

= log2 MJ − 1

MJ

MJ�

j=1

MJ�

ĵ=1

P( Ĵ = ĵ |J = j)

×log2

'MJ
j2=1 P( Ĵ = ĵ |J = j2)

P( Ĵ = ĵ|J = j)
(36)

where (35) holds from the knowledge that, given that the
spatial information Ĵ is decoded, no information about J can
be further obtained from ŝ, i.e., I

�
J ; ŝ| Ĵ



= 0, and (36)
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follows from (35) as J is equally probable. Consequently, (23)
can be expressed as

R2 ≥ log2 MJ − EG

×
⎧
⎨

⎩
1

MJ

MJ�

j=1

MJ�

ĵ=1

P( Ĵ = ĵ |J = j)

× log2

'MJ
j2=1 P( Ĵ = ĵ|J = j2)

P( Ĵ = ĵ |J = j)

"

(37)

≥ log2 MJ − 1

MJ

MJ�

j=1

MJ�

ĵ=1

EG

�
P( Ĵ = ĵ |J = j)

 

× log2

'MJ
j2=1 EG

�
P( Ĵ = ĵ |J = j2)

 

EG

�
P( Ĵ = ĵ |J = j)

 (38)

≈ log2 MJ − 1

MJ

MJ�

j=1

MJ�

ĵ=1

P E P( j → ĵ)

× log2

'MJ
j2=1 P E P( j2 → ĵ)

P E P( j → ĵ)
(39)

where (38) is derived from (37) using the log sum inequality
[36, Th. 2.7.1], and (39) follows with EG

�
p( Ĵ = ĵ |J = j)

 

being approximated by using normalized PEPs, P E P( j → ĵ),
given as follows. First, the PEP of the transmitted spatial-
modulated symbol j is decoded as ĵ , for ĵ �= j , can be
computed as

P( j → ĵ) =
�

s
P
�

X → X̂



f (s)ds

=
�

s
P
�
(s, J = j) → (s, Ĵ = ĵ)



f (s)ds (40)

with f (s) = π−kexp(−�s�2). It follows that the normalized
PEPs can be defined as

P E P( j → ĵ) =
!
� j P( j → ĵ), for ĵ �= j,

� j min
�

1,
'

ĵ �= j P( j → ĵ)


, for ĵ = j

(41)

where � j is a normalization factor such that
'

∀ ĵ P E P( j →
ĵ) = 1 for all j . As P E P( j → ĵ) is used as an estimate of
EG

�
P( Ĵ = ĵ |J = j)

 
, the normalization is imposed to mimic

the fact that EG

�'
∀ ĵ P( Ĵ = ĵ|J = j)

 
= 1. It should,

however, be noted that P E P( j → ĵ) generally differs from
EG

�
P( Ĵ = ĵ |J = j)

 
as the former is evaluated assuming

that j and ĵ are the only two possible codewords while all
the possible codewords of j and ĵ are considered in the latter.
By using the PEP results in Section III and substituting them
into (40), (41) and (39), the achievable rate R2 in (23) can be
evaluated.

V. SPECTRAL, ENERGY, COST AND ECONOMIC

EFFICIENCY TRADE-OFF

Modern wireless communication systems tend to consume
more energy in order to achieve higher SE, i.e., increased data

rate, to support the growing demand for wireless data traffic.
This, however, may be detrimental to the EE of the system.
In general, there exists a fundamental trade-off between SE
and EE, as widely studied in the literature, e.g., in [37]–[39].
In this section, trade-off between SE and EE of the proposed
QSF-IM scheme will be examined. CE and ECE will also be
introduced as alternative metrics for performance evaluation.

A. Spectral and Energy Efficiency

SE can be defined as the average achievable rate,
in bits/s/Hz, as expressed by

γ = 1

n

�
N

N + Ncp

�
R (42)

where the factor 1
n reflects that R derived in Section IV is

computed per RB, and
�

N
N+Ncp



corresponds to the percentage

of time for useful data transmission.
EE (in bits/Joule) is defined as a ratio of the system through-

put (in bits/s) to the total power consumption (in Joule/s), as
can be expressed as

ε = Bwγ

Pc
(43)

where Bw denotes the system bandwidth in Hz and Pc is the
total power consumption, given by

Pc = Ptx

η
+ Pcir + P0 (44)

with Ptx, Pcir and P0 denoting the power consumption due
to signal transmission (radiated power), signal processing (RF
circuit power), and other causes (static power), and η being
the efficiency of the power amplifier. The radiated power is
given by Ptx =

�
N+Ncp

N


 �
kEs
nTs



, with Ts being the OFDM

sampling period (in seconds). The circuit power consumption
can be modeled as

Pcir = Pcod + Pdec + Nt P tx
RF + Nr



Prx

RF + PSD
�

(45)

where Pcod, Pdec, P tx
RF, Prx

RF, and PSD represent the power con-
sumption due to channel coding, channel decoding, transmit
RF chain processing, receive RF chain processing, and signal
detection, respectively. Motivated by the knowledge that the
number of operations of ML detection increases exponentially
with data rate [7], [13], PSD is modeled as PSD = 2γ

Z Ts
with

Z denoting the computational efficiency (in operations per
Joule).

B. Cost and Economic Efficiency

In addition to SE and EE, there has been increasing interest
in CE and ECE, driven by network operators’ perspective,
as these metrics reflect the the efficiency of the network
investment and the net profitability, respectively. Various per-
formance indicators have been proposed in the literature to
evaluate the CE, such as the total network cost [40], the
deployment efficiency [41], and the CE [2]. Despite being
slightly difference in definitions and terminologies, these met-
rics have a common goal, i.e. to represent the effectiveness of
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the operators’ investment. In this paper, the definition of CE
(in bits/monetary unit) presented in [2] will be adopted, which
can be expressed as

ϕ = Bwγ

Ctot
(46)

where Ctot is the total cost (in monetary unit per second)
modeled as

Ctot = κc Pc + C0 (47)

where κc is the energy cost per Joule (Watt-second) and C0
involves other costs (in monetary unit per second) in addition
to the energy cost, such as capital and operational expenditure.
From (46), the CE indicates the number of transferable bits
per unit cost. Thus, maximizing the CE would lead to the
maximum revenue per unit cost, implying a sensible profit
for network operators. It can be noticed, however, that the
actual revenue and the net profit have not been included in
the definition of the CE. To evaluate the network profitability,
a novel performance indicator, referred to as ECE, has been
recently studied in the literature [39], [42]. Following [39], the
ECE is defined (in monetary unit per second) as

� = κrrref log2

�
1 + Bwγ

rref

�
− Ctot (48)

where κr is the revenue per bit and rref is a reference data rate
for revenue evaluation. Note that the attainable revenue in (48)
is assumed to grow logarithmically with the achievable data
rate (in multiple numbers of the reference data rate), following
the observation in [39] and [42].

C. SE, EE, CE and ECE Trade-Off

It can be shown that EE can be improved with increased
SE when the system operates in the low SNR (low energy-
consumption) regime, as demonstrated in Section VI-C. This
results from the fact that a marginal increase in radiated
power could significantly improve the achievable rate in this
operating condition. Similarly, CE and ECE are also shown to
increase with SE in this regime. However, the improvement
of the achievable rate is less relevant and becomes domi-
nated by dramatic increase in power consumption at high
SNR, resulting in detrimental effect on EE, CE and ECE.
Consequently, there exist optimal operating conditions that
provide a balanced trade-off between SE and EE (or CE, ECE).
In general, the optimum point for SE-EE trade-off may not
co-locate with the optimum points for -SE-CE (or SE-ECE)
trade-off, indicating that EE and CE (or ECE) cannot be
maximized simultaneously. This suggests that a trade-off
between EE and CE (or ECE) is generally required, i.e., an
improvement of EE can only be achieved by trading it off
with CE benefits and vice versa. Nevertheless, compared with
existing transmission schemes, the proposed QSF-IM scheme
is shown to be superior and provide better trade-offs, e.g.,
with respect to SE-EE, SE-CE (or SE-ECE), and EE-CE
(or EE-ECE), as further elaborated in Section VI-C.

TABLE I

BASIC SIMULATION PARAMETERS

TABLE II

POWER CONSUMPTION AND COST PARAMETERS

VI. SIMULATION RESULTS

The effectiveness of the proposed QSF-IM is evaluated
numerically in this section. The basic simulation parameters
are summarized in Table I. The spatial correlation is modeled
using the Kronecker-based model. In particular, the correlation
between the u-th and the v-th antennas is given by [Rx ]u,v =
J0 (2πdx |u − v|), where x ∈ {t, r} represents either the
transmit or the receive antenna arrays with the antenna spacing
dx (in wavelengths), and J0(·) denotes the zero-th order Bessel
function of the first kind. In this paper, it is assumed that
dt = dr = d . The SNR is defined as

�
N+Ncp

N


 �
k
n



Es
N0

and

Eb/N0 =
�

N+Ncp
N


 �
k
m



Es
N0

. Moreover, motivated by [41] and
[43]–[45], the power consumption and cost parameters are
given in Table II. For practical evaluation of the radiated power
Ptx, the distance between the transmitter and the receiver
is also assumed to be 1000 meters with pathloss exponent
being 3.8.

A. BER Performance

The BER performance over correlated Rayleigh fading
channels is evaluated in Figs. 2 and 3. Here, the configuration
(Nr , Nt , n, k,M) = (2, 2, 4, 1, 4) is assumed, corresponding
to m = 8 bits/RB. As can be seen from Fig. 2, an increase in
spatial correlation results in degradation in BER performance
as the spatial signature becomes less distinguishable with
higher spatial correlation. This property is inherited from the
SM scheme as also discussed in [12]. Nevertheless, the BER
performance can be significantly improved with the number
of received antennas Nr , as illustrated in Fig. 3. Notice an
improvement of diversity order (a deeper slope of the BER
curves) as Nr increases, conforming with the discussion in
Section III. It is also shown in Figs. 2 and 3 that the theoretical
upper bounds as analyzed in Section are tight, especially
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Fig. 2. BER performance of the proposed QSF-IM scheme for independent
and identically distributed (i.i.d.) Rayleigh fading channels, and correlated
Rayleigh fading channels with different antenna spacings d (in wavelengths)
and configuration (Nr , Nt , n, k,M) = (2, 2, 4, 1, 4).

Fig. 3. BER performance of the proposed QSF-IM scheme for Rayleigh
fading channels with various Nr , d = 0.3 (wavelengths) and (Nt , n, k,M) =
(2, 4, 1, 4).

Fig. 4. Comparison of BER performance for Rayleigh fading channels with
Nr = 2 and d = 0.3 (wavelengths).

at high SNR, verifying the correctness of the theoretical
derivations as well as the simulations.

Fig. 4 presents a comparison of the QSF-IM scheme with
existing techniques at the same data rate (m = 8 bits/RB),

Fig. 5. BER performance of the QSF-IM scheme for Rician fading channels
with different K factors, d = 0.3 (wavelengths), and (Nr , Nt , n, k,M) =
(2, 2, 4, 1, 4).

Fig. 6. BER performance of the Q-OFDM-IM scheme for Rician fading chan-
nels with different K factors, d = 0.3 (wavelengths), and (Nr , Nt , n, k,M) =
(2, 1, 4, 2, 4).

i.e., the conventional OFDM (Conv. OFDM), the OFDM-IM,
and the SM schemes with configurations (Nr , Nt , n, k,M) =
(2, 1, 4, 4, 4), (2, 1, 4, 3, 4), and (2, 2, 4, 4, 2), respectively.
Note that, for the SM scheme, SM is applied to each subcarrier.
It is seen that the proposed QSF-IM scheme outperforms the
aforementioned techniques. The performance of Q-OFDM-IM
with configuration (Nr , Nt , n, k,M) = (2, 1, 4, 2, 4) is also
given in Fig. 4. Comparing with QSF-IM, Q-OFDM-IM
deploys a single transmit antenna, i.e., no transmit spa-
tial correlation, leading to superior performance in the high
SNR regime. Nevertheless, the QSF-IM scheme tends to be
more appropriate for the practical, i.e., low-to-moderate,SNR
regime.

The BER performance of the proposed QSF-IM and
Q-OFDM-IM schemes over correlated Rician fading channels
is presented in Figs. 5 and 6, respectively. While the line-
of-sight (LOS) components lead to higher spatial correlation
which, in turn, degrades BER performance, they reduce the
impacts of channel fading, e.g., strengthen the channel gains
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Fig. 7. Comparison of BER performance for Rician fading channels with
K = 2, Nr = 2 and d = 0.3 (wavelengths).

Fig. 8. Achievable sum rate of the proposed QSF-IM scheme for Rayleigh
fading channels with configuration (Nr , Nt , n, k) = (2, 2, 4, 1) and d = 0.3
(wavelengths).

of each subcarrier in the frequency domain, resulting in the
improvement of BER. With the contradicting effects of LOS
components being compromised for small K , no significant
difference in BER performance of QSF-IM is observed for
0 ≤ K ≤ 2. For higher K values, however, the impact
of higher spatial correlation becomes dominant, leading to
degradation on the average BER, as demonstrated in Fig. 5.
In contrast, the Q-OFDM-IM scheme can avoid the detrimental
effect of the transmit spatial correlation with a single transmit
antenna. As a result, the BER of Q-OFDM-IM improves as K
increases, as depicted in 6. Comparing the existing algorithms
in Fig. 7, Q-OFDM-IM offers a good solution for deployment
scenarios with strong LOS and high spatial correlation.

B. Achievable Rate

The theoretical achievable sum rate of the QSF-IM scheme
with (Nr , Nt , n, k) = (2, 2, 4, 1) is evaluated for Rayleigh
fading channels in Fig. 8. The contribution of R1 given
in (34) is shown to match well with simulation results. The
theoretical derivation in (39) is also seen to be a good estimate

Fig. 9. Achievable sum rate of the QSF-IM scheme for Rayleigh fading
channels with d = 0.3 (wavelengths) and different numbers of active SF
indexes, k.

of R2, despite PEPs being used for approximation. This
suggests that the theoretical analysis given in Section IV can
generally be used for the achievable sum rate approximation.
The achievable sum rates of the proposed QSF-IM scheme
with (Nr , Nt , n) = (2, 2, 4) and various numbers of active
SF indexes, k, are presented in Fig. 9. For Conv. OFDM
and SM, (Nr , Nt , n, k) = (2, 1, 4, 4) and (Nr , Nt , n, k) =
(2, 2, 4, 4) are considered. By increasing k, more independent
data streams are transmitted on the available SF resources for
each RB, leading to the increase in spatial multiplexing gain
as can be observed through the slopes of the SE curves. Notice
that, by decomposing the modulated symbols into in-phase and
quadrature-phase components and spatially modulating them
using two independent (in-phase and quadrature-phase) spatial
constellations, the effective number of active SF resources of
QSF-IM scheme can be greater than k for each RB. Conse-
quently, comparing to Conv. OFDM and SM schemes with
k = 4, the proposed QSF-IM can achieve higher multiplexing
gain with smaller or equal values of k, e.g., k = 3, 4, as
demonstrated in Fig. 9. A similar conclusion can be drawn by
comparing Q-OFDM-IM with OFDM-IM schemes, both with
configuration (Nr , Nt , n) = (2, 1, 4), as illustrated in Fig. 10,
indicating the advantages of the proposed schemes over the
existing techniques.

C. Trade-Off Between SE, EE, CE and ECE

Trade-offs between EE and SE for the proposed as well as
existing schemes are presented in Fig. 11. The EE is shown to
grow with the SE at low SNR due to the significant increase in
achievable rate with a small increase in energy consumption
in this regime. In contrast, the improvement of achievable
rate becomes overwhelmed by the dramatic increase in energy
consumption, resulting in the reduction of EE, at high SNR.
There exist optimal points that can achieve a balanced trade-
off between EE and SE, as illustrated by point A in Fig 11.
It can also be seen that the proposed QSF-IM schemes, e.g.,
with k = 3, 4, are superior and can achieve better EE and SE,
comparing with existing schemes.
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Fig. 10. Achievable sum rate of the Q-OFDM-IM scheme for Rayleigh
fading channels with d = 0.3 (wavelengths) and different numbers of active
SF indexes, k.

Fig. 11. EE versus SE for Rayleigh fading channels with d = 0.3
(wavelengths) and Nr = 2.

Fig. 12. CE versus SE for Rayleigh fading channels with d = 0.3
(wavelengths) and Nr = 2.

CE and ECE are also evaluated in Figs. 12 and 13, respec-
tively. Trade-offs between CE/ECE and SE can be shown, as
similarly discussed in Fig. 11. It is also seen that the optimum

Fig. 13. ECE versus SE for Rayleigh fading channels with d = 0.3
(wavelengths) and Nr = 2.

Fig. 14. Trade-off between CE and EE for Rayleigh fading channels with
d = 0.3 (wavelengths) and Nr = 2.

point of CE appears to co-locate with that of ECE, denoted as
point B, in this experiment. It should be noted, however, that
the optimum points of CE and ECE may differ, in general,
depending on the power consumption and cost models as
well as their associated parameters. In contrast, the optimum
point of EE (point A) does not usually coexist with that of
CE and ECE (point B). As a result, a performance trade-off
between EE and CE/ECE, i.e., between the points A and B,
is generally required, as demonstrated for CE-EE trade-off in
Fig. 14 (similar results can be obtained for ECE-EE trade-
off and, therefore, are omitted). As can be seen in Fig. 14,
an increase in CE can be attained by trading it off with EE
advantages. Nevertheless, the proposed QSF-IM schemes with
k = 3, 4 achieve the better trade-off curves, compared with
other schemes.

It should also be noted that, although ECE is directly
proportional to CE, the values of ECE can significantly vary
with the operating points. For instance, consider two points
with the same CE, i.e., points C and D in Fig. 12. It can
be shown in Fig. 15 that the point C, corresponding to
low SNR (low power consumption), achieves higher ECE
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Fig. 15. ECE versus CE for Rayleigh fading channels with d = 0.3
(wavelengths) and Nr = 2.

(higher net profit) due to much lower energy cost. This
suggests that, at the same CE, a network that operates at lower
energy consumption, despite providing lower data rate, tends
to be more economically efficient and offer more net profits
than that operates at more power with higher data rate. This
emphasizes the importance of green communications from
the economical and network operators’ perspective. Compared
with other schemes, the proposed QSF-IM scheme is shown
to be a promising candidate for green communications that
achieves a better trade-off between SE and EE as well as
between CE/CE and EE and offers higher economical benefits,
as demonstrated through Figs. 11 - 15.

VII. CONCLUSIONS

In this paper, a novel QSF-IM scheme has been proposed
as a potential wireless technology for energy-efficient 5G
systems. The proposed scheme generalizes the idea of QSM
and exploits its benefits of using dual antenna constellation
across the spatial and frequency domains. The theoretical
BER and the achievable sum-rate of the proposed scheme
over frequency-selective correlated Rician and Rayleigh fading
channels have been derived. It has been shown that strong
LOS leads to adverse effects in the spatial domain due to
increased spatial correlation, whereas it could strengthen the
channel gains, i.e., reducing the fading effects, in the frequency
domain, resulting in performance enhancement. This suggests
that a design of QSF-IM constellation with a small number
of antenna indexes (possibly with a relatively large number
of frequency indexes) would be suitable for LOS scenarios.
A comprehensive study of performance trade-offs between SE,
EE, CE, and ECE has also been given. In particular, it has
been shown that the maximum points of EE and CE typically
do not coexist. As a result, an improvement of CE can be
achieved, in general, by trading it off with EE advantages, and
vice versa. Nevertheless, the proposed scheme has been shown
to outperform the existing transmission schemes and achieve
better performance in terms of SE-EE, SE-CE (or SE-ECE),
and EE-CE (or EE-ECE) trade-offs, stressing the feasibility

and suitability of the proposed scheme as a potential energy-
efficient technique for future 5G wireless systems.

VIII. FUTURE WORK

The proposed schemes in this paper can further be improved
and extended in several aspects, some of which are outlined
as follows.

1) It has been shown in Section II-C that the ML detector
has exponential increasing complexity, which tends to be
infeasible for practical implementation, especially with
higher order modulation and higher MIMO schemes.
A further study on the low-complexity detection algo-
rithms for the proposed schemes, as similarly discussed
for other IM-based schemes in [22] and [24]–[26], is
therefore one of the key potential improvements of this
work.

2) The diversity order achieved by the proposed scheme has
been analyzed at the end of Section III, and is simply
shown to increase with Nr . More detailed analysis on
the diversity order, and its dependencies on other factors,
e.g., the number of modulated symbols per RB (k),
should be further investigated.

3) Based upon the general design guidelines given at the
end of Section III, practical designs of the proposed
QSF-IM schemes, e.g., the design of SF-index constel-
lation for in-phase and quadrature-phase components,
could be one of the interesting tasks for further studies.

APPENDIX A
CHANNEL MODELS

A correlated frequency-selective Rician fading channels
can be represented by a tapped-delay channel model, with
the channel matrix corresponding to an l-th tap (multipath)
given by

H(l) =
�

K

K + 1

�
ψlH̄(l)+

�
1

K + 1

√
ωl H̆(l) (49)

where H̄(l), H̆(l) ∈ C
Nr ×Nt represent the LOS and non-line-

of-sight (NLOS) components of the l-th tap, and K denotes
the Rician K-factor. The parameters ψl and ωl indicate the
power of LOS and NLOS components of the l-th multipath,
with

'L−1
l=0 ψl = 1,

'L−1
l=0 ωl = 1, and L denoting the number

of taps. Following [5] and [30], the LOS components can be
modeled as

H̄(l) =
!

a(θr )a(θt )
H , l = 0

0Nr ×Nt , l = 1, 2, . . . , L − 1
(50)

with a(θr ) = [1, e− j2πdrcos(θr ), . . . , e− j2π(Nr −1)dr cos(θr )]T

and a(θt ) = �
1, e− j2πdt cos(θt ), . . . , e− j2π(Nt−1)dt cos(θt )

�T
,

where θr and θt denote the angle of arrival (AoA) and the angle
of departure (AoD), respectively. Both angles are assumed
to be uniformly distributed on [0, 2π]. The variables dt and
dt represent the antenna spacings, in wavelengths, of the
receive and transmit antenna arrays, respectively. The NLOS
components are assumed to be spatially correlated, i.e., the

channel matrix is given by H̆(l) = R
1
2
r H̆w(l)R

T
2

t , with Rr
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and Rt denoting the receive and transmit spatial correlation
matrices, and each element of H̆w(l) being i.i.d. complex
Gaussian variable with zero mean and unit variance.

Letting HT = �
vec



H(0)T

�
, . . . , vec



H(L − 1)T

��T ∈
C

L×Nr Nt , H̄T =
�
vec



H̄(0)T

�
, . . . , vec



H̄(L − 1)T

�	T ∈
C

L×Nr Nt , and H̆T =
�
vec

�
H̆(0)T



, . . . , vec

�
H̆(L − 1)T


	T ∈ C
L×Nr Nt , the channel coefficients in

the time domain can be written as

HT =
�

K

K + 1

√
�H̄T +

�
1

K + 1

√
�H̆T (51)

with � = diag (ψ0, ψ1 . . . , ψL−1) ∈ C
L×L and � =

diag (ω0, ω1, . . . , ωL−1) ∈ C
L×L . Note that according to (50),

ψl equals 1 for l = 0 and equals 0 otherwise. Let HT , p ∈
C

N×Nr Nt be the zero-padded version of HT , such that zeros
are added from the row L + 1 to the row N , it can be shown
that

HT , p =
�

K

K + 1

�
� pH̄T +

�
1

K + 1

�
�pH̆T (52)

with �p = �
�T , 0L×(N−L)

�T ∈ C
N×L and �p =

�
�T , 0L×(N−L)

�T ∈ C
N×L . Considering the case that the

channel is constant during the transmission of an OFDM block
and the length of cyclic prefix (Ncp) is larger than L, the
channel coefficients in the frequency domain, G ∈ C

N×Nr Nt ,
can be given by

HF = WN HT , p. (53)

By denoting gb(c)T ∈ C
1×Nr Nt as the channel coefficients

of the c-th subcarrier in the b-th RB, i.e., the C -th row of HF

where C = (b − 1)n + c, and Gb(c) = ivec (gb(c), Nt , Nr )
T ∈

C
Nr ×Nt , an equivalent channel matrix of the b-th RB in the

frequency domain, Gb ∈ C
nNr ×nNt , can be given as

Gb = blkdiag
c∈{1,...,n}

{Gb(c)} . (54)

APPENDIX B
DERIVATION OF MEAN VECTOR AND

COVARIANCE MATRIX

From (53) and (8), it can be shown that gF can be written
as gF = vec



HT

F

�
. By substituting (52) into (53), it follows

that gF = ḡF + ğF with

ḡF =
�

K

K + 1
vec

��
WN

�
� pH̄T

	T
�

(55)

ğF =
�

1

K + 1
vec

��
WN

�
�pH̆T

	T
�
. (56)

It can be seen that gF is a complex Gaussian vec-
tor with mean vector ḡF and covariance matrix QF =
E
�
(gF − ḡF ) (gF − ḡF )

H
� = E

�
ğF ğH

F

�
. For the mean vector

ḡF , using the knowledge that only the (1, 1)-th element of
ḡF is non-zero, i.e., ψl equal to 1 for l = 0 and equal to 0
otherwise, it can be shown that

�
� pH̄T = e1vec



H̄(0)T

�T
,

where e1 is a unit vector with the first entry being 1 and the

others being 0. Further, using WN e1 = 1N and vec (AXB) =

BT ⊗ A

�
vec (X), (55) can be rewritten as

ḡF =
�

K

K + 1
vec

�
vec

�
H̄(0)T



1T

N




=
�

K

K + 1



1N ⊗ INr Nt

�
vec

�
H̄(0)T



. (57)

For the covariance matrix QF , using

vec

��
WN

�
�pH̆T

	T
�

= vec
�

H̆T
T

�
�T

p WT
N



=



WN

�
�p ⊗ INr Nt

�
vec

�
H̆T

T



, it can be derived from (56)

that

QF = E
�

ğF ğH
F

 

= 1

K + 1

�
WN

�
�p ⊗ INr Nt




E

�
vec

�
H̆T

T



vec

�
H̆T

T


H
��

WN

�
�p ⊗ INr Nt


H

(58)

= 1

K + 1

�
WN

�
�p ⊗ INr Nt




× {IL ⊗ (Rr ⊗ Rt )}
�

WN

�
�p ⊗ INr Nt


H
(59)

= 1

K + 1

�
WN �WH

N



⊗ (Rr ⊗ Rt ) (60)

where (59) follows from (58) using the knowledge that
H̆(li ) and H̆(l j ) are statistically independent for li �= l j ,

and E

�
vec

�
H̆(l)T



vec

�
H̆(l)T


H
�

= Rr ⊗ Rt for all

l = 0, . . . , L − 1.
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