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Abstract
Millimeter wave (mmWave) communication allows us to

exploit a new spectrum band between 30 GHz to 300 GHz
to meet the growing demands of capacity for fifth gener-
ation (5G) wireless communication systems. Multiple-input
multiple-output (MIMO) antennas can be used to tackle higher
path loss and attenuation at mmWave frequencies compared
to microwave bands. Beamforming, called precoding at the
transmitter, is performed digitally in conventional microwave
frequency MIMO systems, but at mmWave frequencies the
higher cost and power consumption of system components
means that the system cannot implement one radio frequency
(RF) chain per antenna. To enable spatial multiplexing, hybrid
precoders using fewer RF chains than antennas emerge as
cost-effective and power saving alternative for the transceiver
architecture of mmWave MIMO systems. This paper demon-
strates the hybrid precoder design with its spectral efficiency
and energy efficiency characteristics, and we compare the
performance with that of optimal digital precoding (with one
RF chain per antenna) and simplified beam steering systems.
It also includes two different algorithmic solutions to meet
the optimization objective. The orthogonal matching pursuit
(OMP) algorithm appears to provide high performance solution
to the problem, whereas the gradient pursuit (GP) algorithm
is proposed as a cost-effective and fast approximation solution
that can still provide equally high performance.

I. Introduction
To advance the state of present wireless communication

systems, researchers are primarily concerned about the evolu-
tion of fifth generation (5G) networks and even beyond. It is
suggested that initial 5G standards may be introduced by 2020
[1]. Such advanced systems systems demand lower latency,
lower infrastructure costs, ultra-high reliability, higher mobil-
ity, improved range, much higher throughput, and increased
capacity of networks [2,3]. The main differences of 5G systems
compared to fourth generation (4G) systems will be the use of
much greater spectrum allocations, higher aggregate capacity,
much higher bit rates, longer battery life, and higher reliability
to support many simultaneous users in both licensed and
unlicensed RF bands [4]. The emerging advanced consumer
devices and developed communication systems have resulted

in ever-increasing demands on bandwidth and capacity [5].
The current carrier frequency spectrum has been limited to the
very crowded range between 700 MHz and 2.6 GHz leading
to the worldwide need for more spectrum and higher capacity.
In such scenario, millimeter Wave (mmWave) appears to be
a promising technology for future wireless communication
systems [4,5]. Utilizing the unused wireless spectrum at much
higher frequencies makes mmWave technology different from
existing wireless solutions. MmWave offers larger bandwidth
channels resulting in much higher data rates, thus supporting
much better internet-based access and higher connectivity
[4]. MmWave spectrum is currently used for various appli-
cations such as satellite communication, radio applications,
and backhaul networks. MmWave technology is already a
very significant technology for wireless backhaul [6] along
with the possibility of self-backhaul in cellular systems. How-
ever, mmWave cellular systems do hold certain challenges
such as supporting directional communication, susceptibility
to shadowing, intermittent connectivity, and processing power
consumption by data converters [7].

Fig. 1. Hardware block diagram of mmWave single-user fully-connected
hybrid beamforming system.

MmWave technology fits very well with multiple-input
multiple-output (MIMO) systems as the size of antenna arrays
and associated electronics will reduce due to the shorter
wavelengths [8]. MIMO technology has already been applied
to commercial wireless local area networks and cellular sys-
tems at sub-6GHz frequencies. MIMO techniques at mmWave
frequencies will be applied differently than at microwave
frequencies due to changes in RF propagation and additional
hardware constraints. Signal processing for mmWave MIMO
systems is of critical importance. At lower frequencies, the
signal processing actions are carried out at baseband leading
to entirely digital signal processing solutions. While at higher
frequencies, there are various hardware constraints making it
difficult to have a separate radio frequency (RF) chain dedi-



cated to each antenna. Moreover, the practical implementations
of system entities such as RF chains, power amplifiers, low
noise amplifiers, and baseband connections are more difficult
to construct at mmWave [9], and power consumption is a
major issue as these entities become power hungry devices
[10]. MmWave frequency systems will exploit polarization
and spatial processing techniques such as very directional
adaptive beamforming to improve the performance of the
system. Deploying a large number of antennas results in high
beamforming gain, forming directional beam patterns between
transmitter and receiver, which further can assist in overcoming
the higher path loss experienced at mmWave frequencies. One
of the objectives of this paper is to focus on the sparse nature of
the mmWave channel which allows us to use signal processing
to enhance performance of mmWave systems towards ultimate
performance limits.

One of the simplest approaches to apply MIMO in
mmWave systems is analog beamforming which can be imple-
mented at both transmitter and receiver. This approach often
connects antenna elements via phase shifters to a single RF
chain which supports single stream communication only and
does not provide spatial multiplexing gains. Hybrid beamform-
ing can be implemented instead to enable spatial multiplexing
and multi-user MIMO communication. Fig. 1 shows the basic
structure of a mmWave single-user fully-connected hybrid
beamforming system [11] with digital baseband precoding
followed by constrained RF precoding implemented using
RF phase shifters. The same number of phase shifters as
antennas are connected to each RF chain which leads to
a fully-connected architecture. Precoding generally refers to
beamforming at the transmitter, which may be generalized to
support multi-stream (or multi-layer) transmission. At the re-
ceiver end, signal combining techniques can be used. One may
find the unique advantage associated with hybrid precoding is
that, to approach the performance of unconstrained solutions,
the digital precoder can correct analog limitations such as
cancelling residual multi-stream interference. Although hybrid
precoding currently makes compromise on power consumption
and hardware complexity yet there is much scope to exploit
energy and capacity efficient designs.

Reference [11] proposes a fully-connected hybrid precoder
design which leads to a capacity efficient mmWave MIMO
system. For an energy efficient design, [12] considers sub-
connected architecture, where each RF chain is connected to
only a subset of transmitter antennas requiring fewer phase
shifters in comparison to the fully-connected architecture. This
energy efficient hybrid precoding design is based on successive
interference cancellation (SIC) providing near-optimal perfor-
mance and proposing a low complexity algorithmic solution.
Reference [13] considers both fully-connected and partially-
connected structures to design a hybrid precoder. The fully-
connected structure seems to outperform partially-connected
structure in terms of capacity whereas the latter shows higher
energy efficiency. In [14] an energy efficient optimization to
design the hybrid precoder through the use of optimal number
of RF chains is proposed. More generally [15] provides a
overview on the relationship between energy efficiency and
spectral efficiency for different configurations of a hybrid
beamforming system.

This paper mainly exhibits spectral efficiency and energy

efficiency characteristics of a hybrid precoder which are help-
ful in analyzing the throughput and energy variations with
respect to the system parameters and the channel parameters.
The simulation results are plotted with respect to signal-to-
noise ratio (SNR) and the number of RF chains. The solution
to the optimization problem implements orthogonal matching
pursuit (OMP) at the transmitter and the receiver which appears
to be a low complexity solution. Gradient Pursuit (GP) method
is introduced as a novel solution to the optimization objective
which has the same performance as OMP yet it is a cost-
effective and fast approximation solution. The performance and
run time comparisons between both the algorithmic solutions
are performed and GP is implemented to plot the spectral
efficiency and energy efficiency characteristics.

The following notations have been used throughout the
paper: A, a, and a stand for a matrix, a vector, and a scalar,

respectively; A(i) represents the ith column of A; transpose
and conjugate transpose of A are denoted as AT and A∗,
respectively; ||A||F , tr(A), and det (A) represent the Frobenius
norm, trace, and determinant of A, respectively; ||a||p is the
p-norm of a; [A|B] denotes horizontal concatenation; diag(A)
generates a vector by the diagonal elements of A; IN and
0X×Y represent N ×N identity matrix and X × Y all-zeros
matrix, respectively; CN (a;A) denotes a complex Gaussian
vector having mean a and covariance matrix A, and i.i.d. shows
that the entries of that vector are independent and identically
distributed. The expectation and real part of a complex variable
are denoted as E [.] and �{.}, respectively.

II. System and Channel Models
This section presents the mmWave system model and

channel model used in this paper.

A. System Model

Considering a single-user mmWave system with Nt an-
tennas at the transmitter end, sending Ns data streams to Nr

receiver antennas. Nrf
t and Nrf

r denote the number of RF

chains at the transmitter with the limitation Ns ≤ Nrf
t ≤ Nt

and at the receiver with the limitation Ns ≤ Nrf
r ≤ Nr,

respectively. In other words, in massive MIMO communication
systems, based on the function of the RF chains and the hybrid
precoding scheme, the number of RF chains is larger than or
equal to the number of baseband data streams and smaller than
or equal to number of the transmitter antennas. The matrices

Fbb and Frf denote the Nrf
t ×Ns baseband precoder and the

Nt ×Nrf
t RF precoder, respectively. Similarly at the receiver

end, the matrices Wbb and Wrf denote the Nrf
r ×Ns baseband

combiner and the Nr ×Nrf
r RF combiner, respectively. Fig. 1

shows the system setup. The signal, x = FrfFbbs, is transmitted
where s is the Ns×1 symbol vector such that E [ss∗] = 1

Ns
INs .

All elements of Frf and Wrf are constrained to have equal
norm. The power constraint at the transmitter end is satisfied
by ||FrfFbb||2F = Ns. Considering a narrowband block-fading
propagation channel with H as Nr×Nt channel matrix, which
is assumed to be known to both the transmitter and the receiver,
a discrete-time model for the received signal is

y =
√
ρHFrfFbbs + n, (1)



where y is the Nr × 1 received vector, ρ is the average
received power, and n is a noise vector with entries which are
i.i.d. CN (0, σ2

n). After combining processing, the processed
received signal can be written as follows:

ỹ =
√
ρW∗

bbW∗
rfHFrfFbbs + W∗

bbW∗
rfn, (2)

For transmitted symbols following a Gaussian distribution, the
achievable spectral efficiency can be expressed as follows:

R = log2 det{INs
+

ρ

Ns
R−1

n W∗
bbW∗

rfHFrfFbbF∗
bbF∗

rfH∗WrfWbb}, (3)

where Rn = σ2
nW∗

bbW∗
rfWrfWbb represents the noise covari-

ance matrix after the combining processing.

B. Channel Model

The fading channel models used in traditional MIMO
becomes inaccurate for mmWave channel modeling due to
the high free-space path loss and large tightly-packed antenna
arrays. So the mmWave propagation environment can be
characterized by a narrowband clustered channel model, such
as the Saleh-Valenzuela model [10]. For Ncl clusters and Nray

propagation paths each cluster, mmWave channel matrix can
be depicted as follows:

H =

√
NtNr

NclNray

Ncl∑
i=1

Nray∑
l=1

αilar(φr
il, θ

r
il)at(φ

t
il, θ

t
il)

∗, (4)

where αil denotes the gain of lth ray in ith cluster and
it is assumed that αil are i.i.d. CN (0, σ2

α,i), where σ2
α,i

is average power of the ith cluster such that
∑Ncl

i=1 σ
2
α,i =

γ, γ being the normalization factor satisfying E [||H||2F ] =

NtNr, and γ =
√

NtNr

NclNray
. Further, ar(φr

il, θ
r
il) and at(φt

il, θ
t
il)

represent the normalized receive and transmit array response
vectors, where φt

il and θtil are azimuth and elevation angles
of departure, respectively, and φr

il and θril are azimuth and
elevation angles of arrival, respectively. The antenna elements
at the transmitter and the receiver can be modeled as ideal
sectored elements [16] and then antenna element gains can
be evaluated over the ideal sectors. In (4), the transmit and
receive antenna element gains are considered unity over ideal
sectors defined by φt

il ∈ [φt
min, φ

t
max] and θtil ∈ [θtmin, θ

t
max];

φr
il ∈ [φr

min, φ
r
max] and θril ∈ [θrmin, θ

r
max], respectively, and

the gains are zero otherwise. This paper considers uniform
linear array (ULA) antenna elements for simulations, where
for a Nz-element ULA on z-axis, the array response vector
can be expressed as follows [17]:

az(φ) =
1√
Nz

[ejm
2π
λ d(sin(φ))]

T
, (5)

where 0 ≤ m ≤ (Nz − 1) is a real integer counting
through antennas, d is inter-element spacing, and λ is the
signal wavelength. The array response vectors could also be
computed considering a uniform planar array (UPA) of antenna
elements in a two-dimensional plane [17].

III. Hybrid Precoder Design

It is usually difficult to find a global optimization solution
for the joint optimization problem over transmitter and receiver
precoders [18]. So, the design can be split into two sub-
optimization problems, i.e, one focusing on designing FrfFbb

for the precoder and the other on designing WrfWbb for the
combiner. The mutual information obtained through Gaussian
signaling over the channel is computed for the hybrid precoder
FrfFbb, measuring the mutual dependence between the two
matrices, as follows [11]:

I(Frf ,Fbb) = log2 det(I +
ρ

Nsσ2
n

HFrfFbbF∗
bbF∗

rfH∗) , (6)

While designing hybrid precoders and combiners for mmWave
MIMO systems, we are very much concerned about hardware
complexity, spectral efficiency, and energy consumption for
baseband processing and analog processing entities such as
analog-to-digital converters (ADCs), digital-to-analog convert-
ers (DACs), RF chains, phase shifters, and power amplifiers.
Sparing use of these entities can lead the system to operate in a
very energy efficient manner. For instance, as the number of RF
chains increase, more energy would get consumed leading to a
decrease in energy efficiency. Measuring the energy efficiency
characteristics with respect to the number of RF chains, as
shown in Section IV, is quite helpful to design a energy
efficient hybrid beamforming system. Meanwhile, the hybrid
precoder optimization problem can be formulated as follows:

(Fopt
rf ,Fopt

bb ) = max
Frf ,Fbb

I(Frf ,Fbb),

s.t. Frf ∈ Frf ,

||FrfFbb||2F = Ns,

(7)

where Frf denotes the set of Nt × Nrf
t matrices having

elements of constant magnitude. For such a non-convex con-
straint, it is difficult to yield general solutions to the problem.
So in order to design the near-optimal hybrid precoder, certain
assumptions and approximations can be exploited as in [11] to
simplify the above problem. Equation (7) can be transformed in
terms of the Euclidean distance between FrfFbb and the chan-
nel’s optimal fully digital precoder Fopt. The hybrid precoder
FrfFbb can be located in a constrained space to be as close
as possible to the optimal matrix Fopt in the unconstrained
space. So the Euclidean distance ||Fopt−FrfFbb||F should be
as small as possible for maximum throughput. We compute
the channel’s singular value decomposition (SVD) as H =
UHΛHV∗

H, where UH ∈ CNr×Nr and VH ∈ CNt×Nt are unitary
matrices, and ΛH ∈ �Nr×Nt is a rectangular matrix of singular
values in decreasing order whose diagonal elements are non-
negative real numbers and whose non-diagonal elements are
zero. The optimal matrix Fopt is comprised of the first Ns

columns of VH. As the array response vectors at(φt
il, θ

t
il) are

constant-magnitude phase-only vectors and Frf denotes the set

of Nt×Nrf
t matrices having elements of constant magnitude,

we can restrict Frf to be a set of basis vectors at(φ
t
il, θ

t
il)

in order to find the best low dimensional representation of
the optimal matrix Fopt. So the hybrid precoder optimization



problem can further be stated as follows:

(Fopt
rf ,Fopt

bb ) = min
Frf ,Fbb

||Fopt − FrfFbb||F ,

s.t. F(i)
rf ∈ {at(φ

t
il, θ

t
il), ∀i, l},

||FrfFbb||2F = Ns,

(8)

One may note here that the constraint on F(i)
rf may be added

into the optimization given (8) to obtain the problem as
follows:

F̃
opt

bb = min
F̃bb

||Fopt − AtF̃bb||F ,

s.t. ||diag(F̃bbF̃
∗
bb)||0 = Nrf

t ,

||AtF̃bb||2F = Ns,

(9)

where At is an Nt × NclNray matrix consisting of array

response vectors and F̃bb is an NclNray × Ns matrix. The

matrices At and F̃bb help to obtain Fopt
rf and Fopt

bb as the Nrf
t

non-zero rows of F̃bb will give us the baseband precoder matrix

Fopt
bb and the corresponding Nrf

t columns of At will provide

the RF precoder matrix Fopt
rf . Equation (9) basically reformu-

lates (8) into a sparsity constrained reconstruction problem
with one variable. The problem can now be addressed as a
sparse approximation problem [19], and orthogonal matching
pursuit (OMP) [20] can be used as an algorithmic solution to
this problem. The receiver side follows a problem definition,
optimization objective, and the same algorithmic solution can
be used with minimal changes. As the hybrid combiner design
has a similar mathematical formulation except for the extra
transmitter power constraint at the transmitter, this paper
mainly focuses on hybrid precoder design and the hybrid
combiner design has been omitted. One may note here that by
assuming the hybrid precoders FrfFbb to be fixed, the hybrid
combiners WrfWbb can be designed in order to minimize
the mean-squared-error (MSE) between the transmitted and
processed received signals by using the linear minimum mean-
square error (MMSE) receiver.

Algorithm 1: Hybrid Precoder Design through Orthog-
onal Matching Pursuit (OMP) [20]

Require: Fopt

1: Frf = ∅
2: Fres = Fopt

3: for i ≤ Nrf
t

4: Ψ = A∗
t Fres

5: k = arg maxl=1,...,NclNray (ΨΨ∗)l,l
6: Frf =

[
Frf | A(k)

t

]
7: Fbb = (F∗

rfFrf )
−1F∗

rfFopt

8: Fres =
Fopt−Frf Fbb

||Fopt−Frf Fbb||F
9: end for
10: Fbb =

√
Ns

Fbb

||Frf Fbb||F
11: return Frf ,Fbb

Algorithm 1 starts by finding the array response vector
at(φ

t
il, θ

t
il) along which the optimal precoder has the maximum

projection, and then concatenates that selected column vector
into the RF precoder Frf as shown in step 6. It then continues
to find least squares solution to the baseband precoder Fbb,

and then the residual precoding matrix Fres is computed in
order to remove the contribution of the selected vector. Then
the algorithm continues to find the column along which Fres

has the largest projection until all RF chains have been used.
The transmit power constraint is satisfied at step 10, which is
applicable for a general case of Ns ≥ 1.

To develop fast approximate OMP algorithms that require
less storage, [21] proposes improvements to greedy strategies
using directional pursuit methods, and discusses optimization
schemes on the basis of gradient, conjugate gradient, and
approximate conjugate gradient approaches. The gradient pur-
suit (GP) method is introduced as a novel solution to the
optimization objective exhibiting the same performance as
OMP, cheaper cost consumption, and faster processing time.
Unlike OMP where optimum signal approximation is achieved
on all the selected atoms, GP makes use of a single gradient
direction for the approximation avoiding the need to consider
all the atoms and hence leading to reduced computation time.
The computation time is considerably less for large MIMO
configurations when implementing GP, as shown in section
IV. Algorithm 2 starts in the same way as Algorithm 1. There
is a index set which is updated at each iteration as shown in
step 6 which is used to generate baseband precoder matrix Fbb.
The gradient direction, as mentioned in step 8, is computed at
each iteration and the step-size is determined explicitly making
use of the gradient direction, as shown in step 10. Finally the
RF precoder matrix Frf and the baseband precoder matrix Fbb

are obtained at the end of the algorithm. The transmit power
constraint is satisfied at step 14.

Algorithm 2: Hybrid Precoder Design through Gradient
Pursuit (GP) [21]

Require: Fopt

1: Frf = ∅, Γ = ∅
2: Fres = Fopt, Fbb = 0

3: for i ≤ Nrf
t

4: Ψ = A∗
t Fres

5: k = arg maxl=1,...,NclNray (ΨΨ∗)l,l
6: Γ = Γ ∪ k
7: Frf =

[
Frf | A(k)

t

]
8: D = F∗

rfFres

9: C = FrfD
10: g =

tr{F∗
resC}

||C||2F
11: Fbb|Γ = Fbb|Γ − gD
12: Fres = Fres − gC
13: end for
14: Fbb =

√
Ns

Fbb

||Frf Fbb||F
15: return Frf ,Fbb

For the fully connected hybrid precoder design, it is quite
interesting to observe the energy performance. Reference [15]
suggests that energy efficiency ε can be defined as the ratio
between spectral efficiency R and total power consumption
Ptot as shown in (10). The total power consumption is the sum
of power consumed for transmission, and baseband processing



and analog processing entities.

ε =
R

Ptot

=
R

Pcp +Nrf
t Prf +Nps(Pps + Ppa)

bits/Hz/J, (10)

where Nps, Pcp, Prf , Pps, and Ppa represent the number of
phase shifters, the common power of transmitter, the power
per RF chain, the power per phase shifter, and the power per
power amplifier. The energy consumed by the RF chains is a
major concern leading to high value of Prf with substantial
increase in each RF chain. In a fully-connected hybrid precoder

structure, one can consider that Nps is equal to Nrf
t Nt [12,13].

IV. Simulation Results
This section demonstrates the spectral efficiency and en-

ergy efficiency characteristics of the hybrid precoder design.
For observation, there are 10 rays for each cluster and there
are 8 clusters in total, i.e., Nray = 10 and Ncl = 8. The average
power of each cluster is unity, i.e., σα,i = 1. The azimuth and
elevation angles of departure and arrival are computed on the
basis of a Laplacian distribution with uniformly distributed
mean angles within the range of 60◦ to 120◦ in the azimuth
domain, and 80◦ to 100◦ in the elevation domain. The angle
spread which is the standard deviation of the Laplacian distri-
bution of the angles is set to be 7.5◦. The antenna elements in
the ULA are spaced by half wavelength distance. The symbol
vector s is generated using quadrature amplitude modulation
(QAM) scheme. The signal-to-noise ratio (SNR) is determined
as ρ

σ2
n

for the plots. All the simulation results are averaged over

5000 random channel realizations.
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Fig. 2. Spectral efficiency for several precoding solutions for 64× 16 fully-
connected mmWave system with Ns = 1, Ncl = 8, and Nray = 10.

Fig. 2 shows the spectral efficiency versus SNR plot for
several precoding solutions. For a single-user 64×16 mmWave
system with a single stream being transmitted and received,
the parameters are set in such a way that the hybrid precoder
FrfFbb can be made sufficiently close to the optimal precoder
Fopt. The optimal digital precoder uses Nt RF chains at the
transmitter and Nr RF chains at the receiver, while beam
steering [22] uses only a single RF chain both at the transmitter

and at the receiver ends. Hybrid precoding implements 4 RF

chains both at the transmitter and the receiver, i.e., Nrf
t =

Nrf
r = 4. Both OMP and GP algorithmic solutions have been

implemented for the hybrid precoder design. It can be observed
that hybrid precoding performs slightly worse than optimal
digital precoding but it is clearly better than beam steering.
Moreover, the hybrid precoder using GP shows the same
performance characteristics as that for OMP. GP provides a fast
approximation solution as it requires less run time than OMP,
which provides us a novel cost-effective solution to design the
hybrid precoders.
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Fig. 3. Time evaluation with respect to number of RF chains for OMP and
GP for 512× 512 mmWave system with Ncl=12, Nray = 20, Ns = 8 and
SNR = −25 dB
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Fig. 4. Spectral efficiency for several fully-connected precoder designs while
SNR = −25 dB.

The run time for GP is less than that of OMP for both
small and large MIMO configurations. Fig. 3 shows the run
time characteristics with respect to the number of RF chains
for both GP and OMP for a large 512× 512 mmWave system
with Ncl = 12, Nray = 20, Ns = 8, and SNR = −25dB.
The time difference between both the algorithmic solutions is
considerable which shows that GP is a better practical solution
and more efficient than OMP to design a hybrid precoder. As
GP has the same performance but less run time, the rest of



Common power of transmitter Pcp = 10 W

Power per RF chain Prf = 100 mW

Power per phase shifter Pps = 10 mW

Power per power amplifier Ppa = 300 mW

TABLE I. SIMULATION PARAMETERS FOR THE POWER MODEL [10].

the plots in this paper make use of GP as the algorithmic
solution to find the optimum precoder. Fig. 4 plots the spectral
efficiency characteristics of the hybrid precoder, the optimal
digital precoder, and beam steering system with respect to the
number of RF chains at a SNR of −25 dB. It can be observed
from Fig. 4 that the spectral efficiency of the hybrid precoder
increases gradually and starts approximating the performance
of the optimal digital precoder. It also clearly outperforms the
beam steering approach in terms of spectral efficiency with
increase in number of RF chains for a certain SNR (such as
−25 dB).
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Fig. 5. Energy efficiency for several precoding solutions for 64× 16 fully-
connected mmWave system with Ns= 1, Ncl = 8, and Nray = 10.

Fig. 5 shows the energy efficiency versus SNR plot for
several precoding solutions. To illustrate the achievable energy
efficiency of different precoding solutions, the parameters in
(10) are set as as shown in Table I and the other required
parameters are same as used to obtain Fig. 2. The energy
efficiency performance of the hybrid precoder clearly appears
to outperform the optimal digital precoder as the SNR in-
creases. However, the beam steering approach performs better
in terms of energy efficiency as only one RF chain is being
used in that system which reduces the energy consumption

considerably. As Nps is scaled linearly with Nrf
t and Nt, the

energy consumption will significantly increase with respect to

Nrf
t . For the same reason, beam steering outperforms hybrid

precoding and optimal digital precoding as number of RF
chains increases for a certain SNR (such as −25 dB) as shown
in Fig. 6. The hybrid precoding performs exactly the same
as beam steering in terms of energy efficiency with use of a
single RF chain. One should note that, in order to achieve a
significant spectral efficiency gain while accepting an increase
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Fig. 6. Energy efficiency for several fully-connected precoder designs while
SNR = −25 dB.

in the energy consumption, the hybrid precoder solution might
be a better approach to follow. For instance, to obtain a gain
of 1 bits/s/Hz over the beam steering approach, the hybrid
precoder will exhibit 0.11 bits/Hz/J less energy efficiency than
beam steering at SNR = −10 dB as observed from Fig. 2 and
Fig. 5.

V. Conclusion

This paper is focused on evaluating the spectral efficiency
and energy efficiency characteristics of a hybrid precoder
which help in designing capacity and energy efficient hybrid
mmWave communication systems. The spectral efficiency and
energy efficiency characteristics of a hybrid precoder are
compared with that of optimal digital precoding (with one
RF chain per antenna) and simplified beam steering systems.
It can be observed that the hybrid precoder design provides
near-optimal spectral efficiency, and outperforms the optimal
digital precoder significantly in terms of energy efficiency.
While compared to the conventional beam steering approach,
the hybrid precoder shows notable performance gain in terms
of spectral efficiency. However, beam steering outperforms
hybrid precoding in terms of energy efficiency with respect
to SNR and number of RF chains. The gradient pursuit
(GP) method is introduced as a novel algorithmic solution to
the optimization objective. The orthogonal matching pursuit
(OMP) algorithm appears to provide high performance solution
to the problem, whereas the GP algorithm is proposed as a
cost-effective and fast approximation solution. GP shows the
same performance as OMP but it requires less run time for both
small and large MIMO configurations. This research work will
be extended to design an energy efficient hybrid precoder with
a fully-connected architecture through optimizing the baseband
precoder and RF precoder matrices along with optimizing the
number of RF chains, and compare the energy performance
of the fully optimized hybrid precoder to the hybrid precoder
before optimization, the optimal digital precoder, and the
simplified beam steering system.
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