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Abstract—Maultiple-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) commu-
nication 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 Pareto-
optimal set (POS) solution problem. This combinatorial-
oriented 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-OF DM, index modulation, spectral ef-
ficiency, energy efficiency, Pareto optimal set, mmWave com-
munication.

I. INTRODUCTION

Multiple-input multiple-output (MIMO) millimeter
wave (mmWave) communication has aroused great ex-
pectations on enabling unprecedented high-rate transmis-
sion up to multi-gigabit for future wireless communica-
tion networks [1], [2]. To get around high path loss and
severe signal attenuation, the key is the use of massive-
antenna architectures at base stations (BS) and the ex-
ploitation of highly directional beamforming at both
transmitter and receiver, e.g., a two-stage hybrid analogy-
digital (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 be-
comes an obvious drawback. Seriously, the radio network
itself could be the most energy-consuming part, and wire-
less 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 bal-
ance while optimizing both SE and EE simultaneously
[4]-[7]. In an effort to relax the paradox in the SE-
EE 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 (MIMO-
OFDM-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 MIMO-
OFDM. 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 max-
imization MIMO-OFDM-IM scheme for downlink multi-
user 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 man-
agement 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. SYSTEM MODEL AND PROBLEM DESCRIPTION
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 Npg transmit antennas and Mgg
RF chains serves K active users, each of them using
Nus, i receive antennas and My, RF chains. For any
user k, we assume that the BS transmits Ji, < Nys, i
data streams with Mps ; RF chains and Ngg j transmit
antennas. The HAD beamforming architecture of BS
is constructed by the concatenation of a digital pre-
coder F, , € CMss.XNosk and an analog beanformer
F; € CMss#xJr with a fully-connected structure. We
suppose that alusers have the same structure, i.e., an
RF combiner Wj, € C/+*Mws.k followed by a mapped
digital baseband combiner W, j, € CMus.k X Mus.

Within the OFDM-IM modulator, the incoming 7}-
bit stream is equally divided into G groups, in which
p = T}/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
N f‘, the index selection subgroup contains p; bits for
determining the indices of the active subcarriers; The M -
ary modulation subgroup contains the remaining ps 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
Ny 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
xj, = [2j,(1) ..., (N)]T is independently modified by
Fj € CNes:xNusik for subsequent IFFT operation.

At the input of the OFDM index modulators, the
modulated symbol can be expressed as an T}, X Ji matrix

Xp=[X1 X2 ... X7,], (1)
where X;, = [Z1,79, ...,ka]T is the vector of
the modulated symbols at the jith input of the in-
dex select and the M-ary modulator. N% active sub-
carriers are selected by the index selector, and the
the indices of the active subcarriers can be denot-
ed as @ = [o%(1) %(2) .. o (NHT,g =
1,2, ,d Meanwhile, -QAM signal constellation

with element ¢7(n4) € S can be obtained gf =
[0 (1) ¢ (2) ... ¢¢ (NK)IT, 9=1,2,..,G. Fortheykth
data steam, the gth OFDM-IM subblock element with
p = p1 + ps bits, is used to form OFDM-IM subblocks:

= [z (1) 29 (2) .. 20 (N)]", g=1,2

%9
Jk

With the OFDM block creator BB and interleaver II,
the transmitted FFT components for users are given by

x|, x, € {0,S} 3)

LG. ()

X, = [X1 X2 ...

where x, = [z1,..,25.],» = 1,2,...,N is the unit-
power transmitted OFDM symbol at the j antenna for the
kth user. Suppose PFgs j is the transmitters total power.
Then the output of B is followed by N x J block
interleavers II for traventional IFFT operation.
Generally, a straightforward solution to the ML de-
tection of MIMO-OFDM-IM can be represented by

29
X. = argmax / 1/ . “4
Ik %{g ka NBS & Nk Jk Jk “)

Tk

where @, is an Npsj X 1 channel gain vector with
zero-mean and unit variance, and 7y denotes the signal-
to-noise-ratio (SNR) per receive antenna.

Let }/Jk = {glnga- ?yﬂk} and I( gk ) be the
output and the mutual information between X and Y, ,
respectively. The channel capacity (;, is glven by

G = sup Z(Xj,5 V) ©)

w]-k

B. Spectrum Efficiency and Energy Efficiency

Without loss of generality, the composite MIMO
channel between BS and user k£ can be expressed as [12]

Nps. 1V,
H), = wz rhar(0f)al (1), (6)
=1

where k}, denotes the complex channel coefficient of the
lth propagation path; ar and ag 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) 6, and angle-of-departures
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(AoDs) ¢ of the propagation paths. The response of the
array associated with user k£ can be modeled as

T
aR(ei) — |:1’ ecos(@ﬁ)’ - e(NMs,kfl)cos(Oﬁ)} ,

1
v/ VM, k
T
ar(¢l) = [17 3@ e(NBs,k—ncos(qsf;)]

1
v/ Ngs,k
@)

From the view of implementation in the frequency
domain, we define the transmitted data symbols over
the nth subcarrier as x,,, € C/**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

H
Vo HieUn i Xn i

Yn,k = +ZV1];IJH1€UTL7]XTL7J
J#k 8)

interference component

H
+ mGzn’k, n & mk,

where Vn,k = Wkwn,k; Un,k = Fan,k; In,j =
fo’ ijUn7 jXn,j 1s the interference component from
other users; z, x ~ CN(0,0%) is the circularly symmet-
ric complex additive white Gaussian noise (AWGN) with
mean zero and variance o7;.

The received signal-to-interference-plus-noise ratio

(SINR) at the kth user can be represented by

> VI HLU, kx|
neMNy

SINRj, =

j#k neNn; neNy,

)

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 (TA) log, det(I;, +
=k | Vv, VE HUT U, 1)

+x1og, C(N, N§)
Vyl;{ka( %5:]@ Un,kal{k)HkHmG —+
J

, (10)

—1 o
where Qn’k =

chVfL{ i V. 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:

K

Gow = | WkGr, (1)

where wy, is the weight factor for user k; (i = ij Gl
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:

Pyys . = Pes, i + JuRe i + Pe i + Nps i Peonite,  (12)

> > VU, jx 24 3 [VE 20 k]*

where Py is the system power dissipation of down-
link transmission of user k; Frpxr and P denote
the power consumption of a single RF chain and a
phase shifter, respectively; P, j is the other power con-
sumption of circuitry components. The transmitter’s total
power constraint Pgs j is enforced by normalizing Uy,
ie., ij: [Unill?>, n € M. For a set of SINRs
{SINR}},*_,, the total SINR scales in a multi-user sys-
tem can be represented by

K
SINRy, = Zk:l wiSINR,. (13)

To guarantee the fairness among users in the mul-
tiuser 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 trans-
mit power constraint can be formulated as

max min  SINR(Pss k),
{Uk,Vk7 Vk}
s.t. Pes i < Pgg), VE o (14)
K < Zf:l Ji < My,

where P 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 Br, is then defined as

max = B i
(Us, Vi, Vk} e = Pgs, 4+ Jk Prr, i+ Pe, k. +Nas, k Penirc
J— N 2 max
s.t. Pe =301 1Unill” <P

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

BT : Ctolal
log, (Z?:l Pyys k)

(16)

Tlotal =

III. PARETO-OPTIMAL TRADE-OFF ON
SPECTRAL-ENERGY EFFICIENCY

A. Fundamental Limitations of MOP

Generally, a maximization MOP with m objective
functions can be formulated as follows:

?tfitximize f(ex)): (f100s s O™ (19

where F'() is a vector function, that is, each element
is an objective function; x = {x1,...,xn} 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 & 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).

Authorized licensed use limited to: Qatar University. Downloaded on November 14,2022 at 16:19:26 UTC from IEEE Xplore. Restrictions apply.



B. Pareto-Optimal Solution to SE-EE Trade-off

To ease expositions, we use fsg(-), fee(), fsing(+) to
represent the objective functions with respect to SE, EE
and SINR, respectively. For the kth user, the objective
function can be expressed as

Fi(xk) = (fse(pw), fee(v), fsnv (k)), Fir € F, (18)

where ux, Vi, & € 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 bal-
ance, 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:

fse(ur) = fse(Ug, Vi, Py, Ji)
fee(vr) = fee(Ug, Vi, Py, Ji)

K
S.t. Zk:l']k S Mt,

K K max
Zk:lPBS,k < Zk:lPBS,k’

max
max

19)

and
. K —
max. min Jsin (§r) = kglakaINR(Pka Jk) 20)

K _
S.t. Zk:lak =1,

where @’ € R K with rows oy € [0,1]; u, v and ¢
are constructed by those limited variable combinations
that have a significant impact on the objective function;
Py = (P, ..., Py, ) 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 : X, =
{Ug, Vi, P, Jp},VEk. 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
problem on digital~parts, i&,F k. and W, can be indepen-
dently optimize. F'} and W7 can be found by assuming
that F;, and W, are fixed. Based on (8), the U with
local optimality at the BS can be thereby determined by
jointly solving the following optimization problem:

T H H
Fn,k - %I‘g max Un,kxn,kakUn;k

Une, Yk 1)
st SN Te(UY, 4 U, p) < Posi,

At the receiver, the feasilble V, associated with V7
for each user can be computed in the same way as
—~ VE HKU, k| %0,k ]2
n = argmax [V v ||2

Wn,ka Vk n,kfn.k

s.t. SN Va2 =1.

(22)

By removing F; and W, from the problem formu-
lated in (19) for the kth user, the problem of finding a
set of decision vectors A} that maximizes the SE and
EE can be represented by

max (fse(Fr, Wi, Pi, i), feu(Fr, Wi, Py, Ji)

X7,

(23)

To generate universally Pareto-optimal SE-EE maxi-

mization, 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

arg max S AR (i, iy Ek)
s.t. Mk, Vi, & € X%, (24)

K _
dope10k =1,

where &l € RE*1 with rows ay.

Once the objective values of AFOS with respect to
the Pareto optimality are achieved. It means that A'POS
is not dominated by any other feasible decision vec-

tors and satisfies F(XP0S) = F(X*), with objective
set {FiOS,WEOS,Pgos,J,EOS}. 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 .
{F, ", W, PFOS_JFOSY 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(fsn (X5, for(7)) = (Fou ()™ (Fes7)) =,
(25)

where fsp(X) = ey and fa(X) = Ay

a € [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:

H H(Xl:) = aklog(fSE(FZaWZa 27']]:)
+ (1 - ak)longE(F27 27 Jl:)

Note that & and the weight vector with respect to U
are equivalent. Then, the above MOP of finding a X708
is transformed into a single globally optimal problem:

H(F,, W, P, J7),

(26)

_, Jnax
FLWLPL
s.t. (Fo. WP, Jf e X, @D

K . K
Ek:l Jip < Zk:l I

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

Helobal = Zszl (. fsu(Fr, W, Py, J;)

e —— (28)
+(1 - ak)fEE(FkaWka PZ? ']I:))a
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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 = (B4, ..., Bx)” be the instanta-
neous power reallocation set. We thereby introduce a new
combination of decision variable set ¥ = {Py, Ji; i}

Accordingly, the optimization problem of (20) can be
transferred to the following optimization problem:

: K
oA 3y anfsinr (P, T B,
k Yk

max

{F, Wi}
s.t. Pas i < Pgg),  Vk.

(29)

In our work, the desired quantization levels of SINR
is indicated by o and P, which can used to improve
SINR of weak users. If all of the constraints in (29) are
satisfied, the reduced JPOS and PYOS are the optimal pow-
er allocation scheme. When coefficients of « are properly
balanced, we can achieve an approximately complete
Pareto optimality, i.e., PY%S and JFOS. Obviously, if all
of the constraints in (29) are satisfied, we can obtain
the partially suppressed JF°5 and the feasible power
reallocation scheme PFOS for all users.

With the combined decision variable set ¥ with the
Pareto optimality, the global optimal Pareto solution can
be found by alternatingly solving the following problem:

max Hglobal t H(FZ, WZa Pgosa JISOS’ Bk)

=POS —5POS
F, W,

st {PPOS_JPOS 31 € U, VE.

(30)
Since the objective function in (30) is convex, it can
be iteratively solved. In this case, a set of candidates A'™*
could gradually evolve to APOS. 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.

IV. NUMERICAL RESULTS

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 homoge-
neous Poisson point process (PPP) with intensity \g, i.e.,

T T T T
= = = Full-digtal Beamforming with perfect CSI
—*— Pareto—optimal HAD with perfect CSI

— @ — AM MMSE HAD in [7] with perfect CSI
—A— ARAB HAD in [6] with perfect CSI

| — Y — Pareto—optimal HAD with imperfect CSI
—@— AM MMSE HAD in [7] with imperfect CSI
— A — ARAB HAD in [6] with imperfect CSI

2.5k

Sum EE (M bits/Joule)

i i
=5 0 5

10 15
SNR (dB)

Fig. 2: Comparison of the EE performance at high SNR.

= = = Full-digtal Beamforming with perfect CSI

160 —h— Pareto—optimal HAD with perfect CSI
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-% - Pareto—optimal HAD with imperfect CSI

—@— AM MMSE HAD in [7] with imperfect CST

— A - ARAB HAD in [6] with imperfect CST
B B B 7

100f - Do Do

Sum SE (bit/s/Hz)
*®
>

=20 -15 -10 -5 0 5 10 15
SNR (dB)

Fig. 3: Comparison of the SE performance at low SNR.

Iy = {(rk, 005 ) + k= 1,.., K}, where (rg,ox)
is a two-dimensional polar coordinate. The BS with 16
RF chainsand MS with 4 RF chains are equipped with
Nps = 256, Nys = 16 antenna elements, respectively.
In addition, we set Prr = 250 mW, P, ; = 200 mW and
Py = 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 ap-
proach 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
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Fig. 4: Comparison of the EE performance at low SNR.

V. CONCLUSION

In this paper, an energy-efficient mmWave MIMO-
OFDM-IM system was proposed. We provided the op-
timal 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 trade-
off 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.

ACKNOWLEDGEMENT

This work was supported by the research task of
the State Key Laboratory of Rail Traffic Control and
Safety (Contract No. RCS2020ZT012), Beijing Jiaotong
University, and the key research task of China Railway

30

----- e 28

------------ 26

24

22

20}

N
SE (bits/s/Hz)

.............. 18} - -
........ B
N —*»
-------- 14} @ weak user -
e -
12
0.2 0.4 0.6 0.8 1 1.2 1.4
EE (M bits/J)
@ ARABHADIn[6] CD*
@ ARABHAD n [6] : : : HLIH
@ Proposed method T+ : : :
@ Proposed method - [T+

Fig. 5: A globally optimal SE-EE trade-off with POS.

data rate and a longer transmission distance, and has
the ability to extend the coverage. It can be explained
that the benefits of power allocation for MIMO-OFDM-
IM, the subcarriers with high power can be scheduled
for weak users. Even with both a total transmit power
constraint, the achievable sum rate in the low SNR regime
is maximized by exploiting the systematic optimization.
Fig. 5 illustrates a typical case with the SE-EE trade-
off. As a case study, we consider a realistic commu-
nication scenario, which consists of four strong users
and four weak users, and we aim to maximize the SE
and EE, simultaneously. A key observation of Fig. 5 is
that by properly adjusting weighting coefficients «, the
performance of SE and EE can be significantly improved,
which fully verifies the theoretical analysis. The proposed
approach is clearly superior to the one given in [6]. Once
both SE and EE are maximized as far as possible, these
points (possible POS), can be approximately viewed as
Pareto front. For the same reasons pointed out above,
with the help of OFDM-IM, it allows more degrees of
freedom to achieve realistic SE-EE maximization.
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