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Abstract—Multiple-input multiple-output orthogonal
frequency division multiplexing with index modulation
(MIMO-OFDM-IM) has the potential advantage to balance
the trade-off between spectral efficiency (SE) and energy
efficiency (EE). This paper investigates the application of
MIMO-OFDM-IM to millimeter wave (mmWave) communication systems. Taking advantage of the properties of
Pareto optimality, we propose a feasible solution to achieve
a globally Pareto-optimal trade-off between SE and EE,
and the collision constraints of multi-objective optimization
problem (MOP) can be solved efficiently. The MOP of
SE-EE trade-off can then be converted into a Paretooptimal set (POS) solution problem. This combinatorialoriented resource allocation approach on SE-EE relation
considers the optimal beam design and power reallocation
for downlink multi-user mmWave transmission. We adopt
the Poisson point process (PPP) to model the mobile data
traffic, and the evolutionary algorithm is applied to speed
up the search efficiency of the Pareto front. Compared
with benchmarks, the experimental results collected from
extensive simulations reveal that the proposed optimization
approach is vastly superior to existing algorithms.
Keywords—MIMO-OFDM, index modulation, spectral efficiency, energy efficiency, Pareto optimal set, mmWave communication.

I.

I NTRODUCTION

Multiple-input multiple-output (MIMO) millimeter
wave (mmWave) communication has aroused great expectations on enabling unprecedented high-rate transmission up to multi-gigabit for future wireless communication networks [1], [2]. To get around high path loss and
severe signal attenuation, the key is the use of massiveantenna architectures at base stations (BS) and the exploitation of highly directional beamforming at both
transmitter and receiver, e.g., a two-stage hybrid analogydigital (HAD) beamforming architecture. For wideband
mmWave communications, the OFDM modulation can be
employed to effectively combat the channel’s frequency
selectivity, as well as to provide further improvement in
spectral efficiency (SE) [3].

As a matter of fact, the above-mentioned sophisticated
technologies that require a large number of phase shifters
usually consume a large amount of power, which becomes an obvious drawback. Seriously, the radio network
itself could be the most energy-consuming part, and wireless operators resort to green wireless networks, where
energy efficiency (EE) and SE are the main performance
metrics. Unfortunately, according to the Shannon-Hartley
theorem, conflicts of objects are usually difficult to balance while optimizing both SE and EE simultaneously
[4]–[7]. In an effort to relax the paradox in the SEEE trade-off, an alternative way is to decompose the
MOP into a number of subproblems and optimizes them
simultaneously. Recently, the use of Pareto property has
recently emerged as an attractive solution [8], [9].
As a novel digital modulation scheme with high SE
and EE, index modulation uses the indices of the building
blocks to implicitly convey additional information bits
[10]. MIMO-OFDM with index modulation (MIMOOFDM-IM) provides a beneficial transmission paradigm.
The study demonstrated that MIMO-OFDM-IM can offer
significantly improved transmission rates, as well as
a better error performance than conventional MIMOOFDM. It has the potential to provide a flexible trade-off
between SE and EE by adjusting the number of active
subcarriers in each OFDM-IM subblock [11].
Motivated by these facts, we propose an SE-EE maximization MIMO-OFDM-IM scheme for downlink multiuser mmWave systems, and propose a Pareto-optimal
beam design scheme for energy-efficient resource usage.
By the construction of the Pareto-optimal set (POS),
we propose a feasible combinatorial-oriented beam management approach to achieve a Pareto-optimal trade-off
between SE and EE.
The rest of the paper is as follows. In Section II, we
present the system model and a preliminary analysis of
SE and EE. In Section III, we mathematically formulate
the proposed Pareto-optima SE-EE trade-off and beam
design. Section IV present simulation results and Section
V conclusions of this work.
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Fig. 1: Block diagram of the mmWave MIMO-OFDM-IM transceiver that employs the HAD beaforming architecture.

II.

S YSTEM M ODEL AND P ROBLEM D ESCRIPTION

A. Transmission Model of mmWave MIMO-OFDM-IM
The transceiver block diagram of MIMO-OFDM-IM
for the downlink multi-user mmWave system is illustrated
in Fig. 1. A BS with NBS transmit antennas and MBS
RF chains serves K active users, each of them using
NMS,k receive antennas and MMS,k RF chains. For any
user k, we assume that the BS transmits Jk ≤ NMS,k
data streams with MBS,k RF chains and NBS,k transmit
antennas. The HAD beamforming architecture of BS
is constructed by the concatenation of a digital precoder Fn,k ∈ CMBS,k ×NBS,k and an analog beanformer
e k ∈ CMBS,k ×Jk with a fully-connected structure. We
F
suppose that all users have the same structure, i.e., an
f k ∈ CJk ×MMS,k followed by a mapped
RF combiner W
digital baseband combiner Wn,k ∈ CNMS,k ×MMS,k .
Within the OFDM-IM modulator, the incoming Tk bit stream is equally divided into G groups, in which
p = Tk /G bits for each group are split into the index
selection and M -ary modulation subgroups. For each
subblock g, considering the number of active subcarriers
NAk , the index selection subgroup contains p1 bits for
determining the indices of the active subcarriers; The M ary modulation subgroup contains the remaining p2 bits,
which are mapped onto a predefined M -ary quadrature
amplitude modulation (M -QAM) signal constellation S
to obtain the first-stage modulation subblock. We denote
Nk as the index pattern of user k. Thereafter, each
modulated subblock is fed into a concatenated OFDM
block creator to construct the main OFDM-IM blocks.
For the output of the kth user’s data stream vector
xjk = [xjk (1) ... xjk (N )]T is independently modified by
Fk ∈ CNBS,k ×NMS,k for subsequent IFFT operation.
At the input of the OFDM index modulators, the
modulated symbol can be expressed as an Tk ×Jk matrix
e k = [X
e1 X
e2 ... X
eJ ],
X
k

(1)

ej
where X
= [e
x1 , x
e2 , ..., x
eTk ]T is the vector of
k
the modulated symbols at the jk th input of the index select and the M -ary modulator. NAk active subcarriers are selected by the index selector, and the
the indices of the active subcarriers can be denoted
as %gjk = [%gjk (1) %gjk (2) ... %gjk (NAk )]T , g =
1, 2, ..., G. Meanwhile, M -QAM signal constellation

with element qjg (nA ) ∈ S can be obtained qjgk =
[qjgk (1) qjgk (2) ... qjgk (NAk )]T , g = 1, 2, ..., G. For the jk th
data steam, the gth OFDM-IM subblock element with
p = p1 + p2 bits, is used to form OFDM-IM subblocks:
egjk = [e
x
xgjk (1) x
egjk (2) ... x
egjk (N )]T , g = 1, 2, ..., G. (2)

With the OFDM block creator B and interleaver Π,
the transmitted FFT components for users are given by
xk = [x1 x2 ... xN ]T , xn ∈ {0, S}

(3)

where xn = [x1 , ..., xJk ], n = 1, 2, ..., N is the unitpower transmitted OFDM symbol at the j antenna for the
kth user. Suppose PBS,k is the transmitters total power.
Then the output of B is followed by N × Jk block
interleavers Π for traventional IFFT operation.
Generally, a straightforward solution to the ML detection of MIMO-OFDM-IM can be represented by
s
2
r
g
γk
N
g
g
ê
e
e
xjk = arg max yjk −
Φj x
. (4)
NBS,k NAk k jk
eg
x
j
k

where Φjk is an NBS,k × 1 channel gain vector with
zero-mean and unit variance, and γk denotes the signalto-noise-ratio (SNR) per receive antenna.
ej ; Yej ) be the
Let Yejk = {e
y1 , ye2 , ..., yejk } and I(X
k
k
output and the mutual information between Xjk and Yjk ,
respectively. The channel capacity ζjk is given by
ζjk = sup I(Xjk ; Yjk ).

(5)

xjk

B. Spectrum Efficiency and Energy Efficiency
Without loss of generality, the composite MIMO
channel between BS and user k can be expressed as [12]
s
L
NBS,k NMS,k X `
`
Hk =
κk aR (θk` )aH
(6)
T (φk ),
ρ
`=1

where κ`k denotes the complex channel coefficient of the
`th propagation path; aT and aR is the array steering
vectors, respectively. In our work, the mmWave channel
estimation is simplified to estimate the channel gains,
the angle-of-arrivals (AoAs) θ, and angle-of-departures

(AoDs) φ of the propagation paths. The response of the
array associated with user k can be modeled as
iT
h
`
`
1
1, ecos(θk ) , ..., e(NMS,k −1)cos(θk ) ,
aR (θk` ) = p
NMS,k
iT
h
`
`
1
aT (φ`k ) = p
1, ecos(φk ) , ..., e(NBS,k −1)cos(φk ) .
NBS,k
(7)
From the view of implementation in the frequency
domain, we define the transmitted data symbols over
the nth subcarrier as xn,k ∈ CJk ×1 , n = 1, ..., N . The
received MIMO-OFDM-IM signal of user k over the nth
subcarrier in the frequency domain is given by [2], [3]
primitive signal

X

H
}|
{+
yn,k = z H
Vn,j
Hk Un,j xn,j
Vn,k Hk Un,k xn,k j6=k
{z
} (8)
|
interference component

H
+ Vn,k
zn,k , n ∈ Nk ,

f n,k ; Un,k = Fk F
e n,k ; In,j =
where Vn,k = Wk W
H
Vn,j Hk Un,j xn,j is the interference component from
other users; zn,k ∼ CN (0, σk2 ) is the circularly symmetric complex additive white Gaussian noise (AWGN) with
mean zero and variance σk2 .
The received signal-to-interference-plus-noise ratio
(SINR) at the kth user can be represented by
P
H
|Vn,k
Hk Un,k xn,k |2
n∈Nk
P
SINRk = P P
.
H H U
H z
2
2
|Vn,j
|Vn,k
k n,j xn,j | +
n,k |
j6=k n∈Nj

where Psys,k is the system power dissipation of downlink transmission of user k; PRF,k and Pshift denote
the power consumption of a single RF chain and a
phase shifter, respectively; Pc,k is the other power consumption of circuitry components. The transmitter’s total
power constraint PBS,k is enforced by normalizing Uk ,
PN
2
i.e.,
n=1 ||Un,k || , n ∈ Nk . For a set of SINRs
K
{SINRk }k=1 , the total SINR scales in a multi-user system can be represented by
SINRsys =

+ N1 log2 C(N, NAk )
P
H
H
where Ω−1
= Vn,k
Hk (
Un,k UH
n,k )Hk Vn,k +
n,k
j6=k

H
σ 2 Vn,k
Vn,k . For the effect of the number of active
OFDM subcarrier and the OFDM sub-group size, we
refer the interested readers to [11], [13].
The total SE in bits/s/Hz of an arbitrary user can be
found by maximizing the following objective function
with the constraint of transmitted power:
XK
ζtotal =
ωk ζk ,
(11)
k=1
P
where ωk is the weight factor for user k; ζk = jk ζjk
is the SE of kth user. We can determine the weights
according to user’s traffic types, fairness, and other
priority requirements.
Generally, the power consumption model at the BS
consists static and dynamic power consumption. We
adopt a linear power consumption model proposed by:

Psys,k = PBS,k + Jk PRF,k + Pc,k + NBS,k Pshift ,

(12)

k=1

ωk SINRk .

(13)

To guarantee the fairness among users in the multiuser network, the max-min SINR problem is considered,
which deals with the sum-rate maximization problem and
guarantees the worst performance of receivers. Typically,
the max-min SINR problem satisfying the overall transmit power constraint can be formulated as
max

{Uk ,Vk , ∀ k}

min

SINRk (PBS,k ),
max
PBS,k ≤ PBS,k
, ∀k
PK
K ≤ k=1 Jk ≤ Mt ,

s.t.

(14)

max
where PBS,k
is the maximum transmission power.
The objective function in terms of EE is defined as the
system capacity divided by the total power consumption,
i.e., the transmitted information bits per unit energy in
the unit of bits per Joule. The EE (bits/J) of user k with
bandwidth BTk is then defined as

n∈Nk

(9)
We directly apply Theorem 1 proven in [13] to
mmWave MIMO-OFDM-IM systems. The SE of user k
based on the Shannon formula can be written as

  Nk 
E NA log2 det(IJk +


−1
H
H  , (10)
ζk = J k 
Hk UH
 Vn,k Ωn,k Vn,k
n,k Un,k Hk ) 

XK

BTk ·ζk
PBS,k +Jk PRF,k +Pc,k +NBS,k Pshift

max

ηk =

s.t.

Pc,k =

{Uk ,Vk , ∀ k}

PN

n=1

2

max
kUn,k k ≤PBS,k
.

(15)
According to the classical SE-EE trade-off paradigm,
the objective function can be rewritten
ηtotal =

III.

BT · ζtotal
.
PK
k=1 Psys,k )

log2 (

(16)

PARETO -O PTIMAL T RADE - OFF ON
S PECTRAL -E NERGY E FFICIENCY

A. Fundamental Limitations of MOP
Generally, a maximization MOP with m objective
functions can be formulated as follows:
maximize F (χ) = (f1 (χ), ..., fm (χ))T ,
s.t.
χ ∈ X,

(17)

where F (χ) is a vector function, that is, each element
is an objective function; χ = {χ1 , . . . , χn } is a feasible
variable set selected from the decision variable space,
aiming to maximize each objective function by searching
to identify an optimal solution. Let F and X be the
objective function space and decision variable space,
respectively. The decision space represented by MOP can
be characterized by tuple M = (F, X ).

B. Pareto-Optimal Solution to SE-EE Trade-off
To ease expositions, we use fSE (·), fEE (·), fSINR (·) to
represent the objective functions with respect to SE, EE
and SINR, respectively. For the kth user, the objective
function can be expressed as
Fk (χk ) = (fSE (µk ), fEE (νk ), fSINR (ξk )), Fk ∈ F, (18)

where µk , νk , ξk ∈ X is the set of the decision vectors
with the same or different variable size(s).
To achieve the global SE-EE optimality, our solution
resorts to the decomposition of the optimization process.
First, SE and EE maximization of every user is performed
in a best-efford fashion without setting other priority balance, whilst SINR is approximately constant. Using this
problem transformation, the Pareto-optimal SE and EE is
transformed into a design problem of the optimal beam
and the paradox in (18) can be relaxed by sequentially
solving the following optimization problem:
max fSE (µk ) = fSE (Uk , Vk , Pk , Jk )
max fEE (υk ) = fEE (Uk , Vk , Pk , Jk )
PK
(19)
s.t.
k=1 Jk ≤ Mt ,
PK
PK
max
k=1 PBS,k ≤
k=1 PBS,k ,

and

max min
ᾱ

Pk ,Jk

s.t.

K
P
fSINR (ξk ) =
ᾱk fSINR (Pk , Jk )
k=1
PK
k=1 ᾱk = 1,

(20)

where ᾱT ∈ R1×K with rows αk ∈ [0, 1]; µ, ν and ξ
are constructed by those limited variable combinations
that have a significant impact on the objective function;
Pk = (P1 , ..., PJk ) represents the link power allocation
outcome. The key to solve (19) and (20) is to find the
optimal POS from the feasible decision vectors. The
feasible set X is a linear combination of all decision
vectors. For kth user, it can be given by X : Xk =
{Uk , Vk , Pk , Jk }, ∀ k. We refer to this strategy as a
combinatorial-oriented beam design approach.
In particular, high directivity beam is dominated by
the phased array. This fact in turn implies that the aligned
beam pairs are always Pareto-optimal. The design of
Pareto-optimal beam can be cast as the optimization
e k . and W
f k can be indepenproblem on digital parts, i.e.,F
?
?
e
f
dently optimize. Fk and Wk can be found by assuming
that Fk and Wk are fixed. Based on (8), the Uk with
local optimality at the BS can be thereby determined by
jointly solving the following optimization problem:
e ? = arg max UH xH xn,k Un,k
F
n,k

n,k n,k

e n,k , ∀ k
U

s.t.

PN

n=1 Tr(U

(21)

H

n,k Un,k )

< PBS,k ,

e∗
At the receiver, the feasilble
associated with V
k
for each user can be computed in the same way as
f ? = arg max
W
n,k

f n,k , ∀ k
W

s.t.

Vk?

2

H
H[k]Un,k | |xn,k |2
|Vn,k
2
H z
|Vn,k
n,k |
PN
2
n=1 |Vn,k | = 1.

(22)

e k and W
f k from the problem formuBy removing F
lated in (19) for the kth user, the problem of finding a
set of decision vectors Xk? that maximizes the SE and
EE can be represented by
max (fSE (Fk , Wk , Pk , Jk ), fEE (Fk , Wk , Pk , Jk )

Xk? , ∀ k

(23)
To generate universally Pareto-optimal SE-EE maximization, we apply a weighted-sum criterion to capture
multiple objectives, where multiple metrics are scalarized
into a single-objective function. This linear weighted-sum
method can be expressed as
PK
arg max
k=1 ᾱk F (µk , νk , ξk )
X ,ᾱ

s.t.

µk , νk , ξk ∈ X ? ,
PK
k=1 ᾱk = 1,

(24)

where ᾱT ∈ RK×1 with rows ᾱk .
Once the objective values of X POS with respect to
the Pareto optimality are achieved. It means that X POS
is not dominated by any other feasible decision vectors and satisfies F (X POS )  F (X ? ), with objective
POS
POS
POS
set {Fk , Wk , PPOS
k , Jk }. The objective value of
a set of Pareto-optimal decision vectors constitutes the
Pareto front. In this case, the feasible X ? is spanned by
linear space because the elements of objective vector set
POS
POS
POS
{Fk , Wk , PPOS
k , Jk } are linear.
Next, we apply Cobb-Douglas production function to
characterize the trade-off on SE-EE. It can be expressed
by a utility function U , which has the form [14]
_

_

U (fSE (Xk? ), fSE (Xk? )) = (fSE (Xk? ))αk (fEE (Xk? ))1−αk ,
(25)
_
_
fSE (Xk? )
fEE (Xk? )
?
?
where fSE (Xk ) = f max (X ? ) and fEE (Xk ) = f max (X ? ) ;
EE
SE
k
k
αk ∈ [0, 1] is a weight metric on a trade-off between SE
and EE for the conflicts of interest. With this empirical
production function, different weights can be viewed as
the benefit-cost ratio of the system. A logarithmic form
of above function can be given as follows:
_

?

?

_

?

Hk : H(Xk? ) = αk log(fSE (Fk , Wk , P?k , Jk? )

+ (1 − αk )logfEE (Fk , P?k , Jk? ).

(26)

Note that ᾱ and the weight vector with respect to U
are equivalent. Then, the above MOP of finding a X POS
is transformed into a single globally optimal problem:
?

?

max

H(Fk , Wk , P?k , Jk? ),

s.t.

{Fk , Wk , P?k , Jk? } ∈ X ? ,
PK
PK
?
k=1 Jk .
k=1 Jk ≤

?
?
?
{Fk ,Wk ,P?
k ,Jk }

?

?

(27)

Considering the optimal target set of the overall user
in the whole beamspace, the global trade-off between SE
and EE can be expressed as
PK
?
?
Hglobal  k=1 (αk fSE (Fk , Wk , P?k , Jk? )
(28)
?
?
+(1 − αk )fEE (Fk , Wk , P?k , Jk? )),

POS
PPOS
k ,Jk

max
PBS,k ≤ PBS,k
,

s.t.

POS

POS

Fk ,Wk

s.t.

?

?

POS
Hglobal  H(Fk , Wk , PPOS
k , Jk , βk )
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Fig. 2: Comparison of the EE performance at high SNR.
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Since the objective function in (30) is convex, it can
be iteratively solved. In this case, a set of candidates X ?
could gradually evolve to X POS . For all the dominated
solutions, the lower solution will be removed. We show
that the solution to finding POS towards the true Pareto
front can be calculated by means of a multi-objective
evolutionary algorithm, non-dominated sorting genetic
algorithm-II (NSGA-II) [15]. It is initialized by the initial
user discovery as well as the beam training procedure. In
the first stage, SE and EE maximization of each user is
performed in a best-efford fashion without setting any
priority balance. The joint maximization of SE and EE
for each user is performed concurrently, and we thereby
achieve a single locally Pareto-optimal solution. In the
second stage, the global trade-off between SE and EE is
taken into account. It mainly aims to apply NSGA-II for
finding the desired POS under the SINR constraints.
N UMERICAL R ESULTS

We consider the case of a single-cell mmWave
MIMO-OFDM-IM system at 28 GHz frequency bands.
Each user can be modeled as an independent homogeneous Poisson point process (PPP) with intensity λk , i.e.,
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POS
{PPOS
k , Jk , βk } ∈ Ψ, ∀ k.

IV.

1.5

∀ k.

(29)
In our work, the desired quantization levels of SINR
is indicated by α and P, which can used to improve
SINR of weak users. If all of the constraints in (29) are
satisfied, the reduced JkPOS and PPOS
are the optimal
k
power allocation scheme. When coefficients of α are
properly balanced, we can achieve an approximately
complete Pareto optimality, i.e., PPOS
and JkPOS . Obvik
ously, if all of the constraints in (29) are satisfied, we
can obtain the partially suppressed JkPOS and the feasible
power reallocation scheme PPOS
for all users.
k
With the combined decision variable set Ψ with the
Pareto optimality, the global optimal Pareto solution can
be found by alternatingly solving the following problem:
max

2
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In the user-centric scenario, the over-large transmit
power does not necessarily help to improve the total SE,
since the interference would dramatically increase. To
achieve the optimal SINR, the worst-case (weak users)
and best-case (strong users) SINR optimization need to
be balanced. Based on the above analysis, we propose a
combinational power control strategy to handle the worst
and the best cases. With the aid of MIMO-OFDM-IM,
a power reallocation can be applied to balance the total
transmit power. Let P = (β1 , ..., βK )T be the instantaneous power reallocation set. We thereby introduce a new
combination of decision variable set Ψ = {Pk , Jk ; βk }.
Accordingly, the optimization problem of (20) can be
transferred to the following optimization problem:
PK
?
?
max?
min
k=1 αk fSINR (Pk , Jk ; βk ),
?
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Fig. 3: Comparison of the SE performance at low SNR.

Γk = {(rk , ϕk ; λk ) : k = 1, ..., K} , where (rk , ϕk )
is a two-dimensional polar coordinate. The BS with 16
RF chainsand MS with 4 RF chains are equipped with
NBS = 256, NMS = 16 antenna elements, respectively.
In addition, we set PRF = 250 mW, Pc,k = 200 mW and
Pshift = 88 mW.
In Fig. 2, we evaluate the SE and EE performance
in the high SNR regime by considering the impact of
perfect and imperfect CSI, respectively. We compare the
proposed Pareto-optimal HAD beamforming scheme with
the approximation methods proposed in [6], and in [7]
that can be extended to MIMO-OFDM configurations
without changing the antennas setup. It is clear that our
proposed approach has a much higher EE than those of
the algorithms proposed in [6], [7].
In Fig. 3 and 4, we can observe that the proposed
approach with equal power allocation can significantly
outperform its counterpart. That is, the proposed approach achieves higher SE and EE than those of the
existing approaches designed in [6], [7]. For weak users,
it is a competitive technology to provide a much higher

V.
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ARAB HAD in [6] with imperfect CSI

Sum EE (M bits/Joule)

2.5

2

C ONCLUSION

In this paper, an energy-efficient mmWave MIMOOFDM-IM system was proposed. We provided the optimal solution that allows a higher degree of freedom
to achieve SE-EE maximization in mmWave cellular
networks, and a baseline design to solve the SE-EE tradeoff has been given. The key finding of this study is
that the use of Pareto optimality can achieve a globally
optimal trade-off between SE and EE, and the collision
constraints of MOP can be efficiently released.
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