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Abstract—Millimeter wave (mmWave) multiple-input multiple-
output (MIMO) systems have recently been proposed to meet
the needs of the future wireless communication standards. The
efficient use of low resolution digital-to-analog converters (DACs)
and hybrid architecture could significantly reduce the high
power consumption associated with the mmWave MIMO system
components. This paper designs an energy efficient transmitter
with low resolution DACs for mmWave massive MIMO systems.
An optimization problem is formulated and solved to find the
optimal number of radio-frequency (RF) chains to be used at the
transmitter to minimize the power consumption. This problem
is constrained by the information loss which introduces the
reduction of the number of the RF chains, expressed in terms of
the system capacity. Rate and energy performance are compared
with different beamforming techniques and architectures for
various DAC resolutions.

Index Terms—energy efficient transmitter, low resolution
digital-to-analog converter (DAC), millimeter wave (mmWave),
massive MIMO, hybrid analog/digital beamforming.

I. INTRODUCTION

Millimeter Wave (mmWave) appears to be a promising
technology to meet the needs of the fifth generation (5G)
wireless communication systems [1][2]. The high bandwidths
for mmWave communication must be traded off against high
path loss which can be compensated using large antenna
arrays. A large number of antenna elements and the high
bandwidth make it hard to use many digital-to-analog/analog-
to-digital converter (DAC/ADC) which are power hungry
components, connecting baseband components to the antennas
through radio frequency (RF) chains and phase shifters [3].
ADCs have relatively higher sampling rate in high frequency
systems than at the microwave frequencies, and employing
high speed converters increases the power consumption and
the cost significantly [4], [5]. Implementing low resolution
ADCs at receivers such as in 1-bit mmWave MIMO systems
improves the power metric of the system [3]. Since amplifiers
consume most of the power at the transmitter, employing low
resolution DACs at transmitters can help reducing the power
consumption, hence enhancing energy efficiency of the system.

Hybrid transceiver architectures have been proposed to en-
able mmWave massive MIMO systems [6]. The conventional
digital beamforming system can provide high rates but the
energy consumption becomes unacceptable when the same
number of RF chains as the number of antennas are used for
the transceiver system. A hybrid beamforming system uses

a smaller number of RF chains and can be implemented to
provide approximately the same rate performance as a digital
beamfoming system but has better energy efficiency [7]. There
can be two ways to implement a hybrid architecture: a fully-
connected (FC) architecture and a partially-connected (PC)
architecture. A FC architecture connects all the transmitter
antennas to each RF chain whereas a PC architecture connects
only a subset of transmitter antennas requiring only fewer
RF chains. The use of a PC architecture at the transceiver
can further reduce the power consumption [8]. Reference [9]
makes use of the switches and phase shifters to execute analog
beamforming for a hybrid model, and then the spectral and en-
ergy efficiency are investigated for the system. Reference [10]
uses low resolution DACs which we can implement to reduce
the power consumption for a hybrid model. Using switches
and low-resolution DACs can have significant improvement in
lowering the power demands.

This paper proposes an energy efficient design for the
transmitter of a mmWave-based massive MIMO system which
makes use of low-resolution DACs and the hybrid architecture.
We propose a novel formulation for an optimization problem
which finds the optimal number of RF chains to be used at
the transmitter, so as the system capacity to be lower bounded.
The proposed design makes use of switches, which are used
to keep a connection between the baseband precoder and a
DAGC; if that connection is active that particular DAC links
the basedband precoder with a RF chain.

We follow the following notation throughout this paper: A,
a, and «a stand for a matrix, a vector, and a scalar, respectively.
The complex conjugate transpose, and transpose of A are
denoted as A" and A”; ||A||p, tr(A), and det(A) represent
the Frobenius norm, trace, and determinant of A, respectively;
diag(A) generates a vector by the diagonal elements of A; Iy
represents N x N identity matrix; CA/(a; A) denotes a complex
Gaussian vector having mean a and covariance matrix A; the
expectation of a complex variable is denoted as E{-}; [A]x
denotes the k-th column of matrix A while [A]y; the matrix
entry at the k-th row and [-th column.

II. HYBRID MMWAVE MIMO SYSTEM

A. Millimeter wave channel model

The mmWave massive MIMO systems carry high free-space
path loss and large tightly-packed antenna arrays which restrict
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Fig. 1. Block diagram of a mmWave single-user transmitter with the PC
architecture.

the use of the fading channel models used in traditional MIMO
systems. The mmWave channels can then be modeled by a
narrowband clustered channel model with N clusters and
N;qy propagation paths in each cluster. Considering a single-
user mmWave system with NV; antennas at the transmitter,
transmitting N data streams, the mmWave channel matrix
can be presented as follows:

Ne Nray

H= ’YZ Z alla” zla zl)at((rbrlaazl)H (1)

i=1 [=1

a; in (1) is the gain term for the lth ray in the i*" cluster and

follows ii.d. CN(0,02 .i)- The o2 . for the galn represents

the average power of the ith cluster where Zz Lo2 i =
~ being the the normalization factor. Further, a, (¢, 6,) and
a,(¢l;, 07;) represent the normalized transmit and receive array
response vectors, where gbﬁl and Gfl denote the azimuth and
elevation angles of departure, respectively, and ¢, and 0},
denote the azimuth and elevation angles of arrival, respectively.
We require only the transmitter associated terms only for our
analysis. We model the antenna elements at the transmitter as
ideal sectored elements [11] and evaluate the associated gains
over the ideal sectors. We assume the transmit antenna gains
to be unity over the sectors defined by ¢!, € [¢f,.,, ¢t 0s]
and 0!, € [0 . . 60! . Although we use uniform linear array
antennas for simplification, yet our approach can easily be
extended to other array geometries such as rectangular array
and circular array. For A signal wavelength and d inter-element
spacing, and considering azimuth angles of departure, the
transmit array response vector can be written as follows [12]:

an(dh) = — [1, e/ Fdsin(ol) j(NH)?T"dsin(zzazl)r

t\Pi1) = , € yeeey €

VN
2)
and we can write similarly for the receive array response
vector.
B. System model

Let Ntr F denote the number of RF chains at the transmitter,
and we should follow the condition Ny < N, s < N;. Fyp with

dimension N %N, and F, ¢ with dimension Ny x N, F denote
the baseband precoder and the RF precoder, respectively. After
the RF/ analog precoding, each phase shifter is connected to
each antenna element of a sub-array and each data stream is
transmitted by that corresponding sub-array. There are number
of sub-arrays and the sum of all the antenna elements from
each sub-array gives us V;. Fig. 1 shows the system setup of a
mmWave single-user transmitter with the PC architecture. All
elements of the analog precoder F, s are constrained to have
equal norm. The transmit power constraint is satisfied through
the precoder matrices with condition ||F,tFy||% = N;. The
vector x denotes the transmit signal which is equal to F,. sFys.
s with dimension N; x 1 is the symbol vector such that £{ss*}
= 153 Iy,.

We assume a linear model approximation for the quantiza-
tion noise of the DACs [13]. Given that Q(-) denotes a uniform
scalar quantizer then for the i-th RF chain we have,

Qui) = /1= pp,u+ € 3

= 7”\2/52_%’7 is the quantization distortion parameter

where p;, =
for bit resolution equal to b; [13]; ¢; is the quantization noise
which is uncorrelated with u; and ¢; ~ N(0,02). Extending
our formulation to the MIMO case we have,

Q(u) =
where A is a diagonal matrix with values depending on the
DAC resolution of each RF chain, while € € CN(0, o21). Let

us define the linear approximation of the quantizer as x €
cNe le, and

Au -+ € 4

x=Au+te 4)
This leads us to the following transmitted signal, t € C™V¢*1:

t=F x=F, ;Au+F, ;e =F, ;AFyus+F,re. (6)

The received signal can now be expressed as follows:

y=Ht+n= HF ;A Fus+HF, e+n (7)
N—_—— N———

H, e necNr

where HF,.;A can be denoted as the effective channel H,
including analog transmit precoding and quantization; 1 as
the combined Gaussian and quantization noises with 1 ~
CN(0,C,), where C,, is the noise covariance matrix with
C, = HFTngcHHJE2 + 021y, . Based on the central limit
theorem, when the size of antennas increase the noise covari-
ance matrix can be approximated by C,, ~ o2diag(HHY) +
g %I N,.-

III. PROPOSED METHOD FOR THE TRANSMITTER SYSTEM

In this section, we describe a novel technique which
optimally selects the minimum required number of active
RF chains N which satisfy a predefined bound on the
information loss. Fig. 2 shows the block diagram of the
proposed transmitter design for a mmWave single-user massive
MIMO system with a hybrid PC precoder architecture. In this
architecture, we introduce NV; switches between tha basedband

Authorized licensed use limited to: University of Patras. Downloaded on January 06,2026 at 13:33:29 UTC from IEEE Xplore. Restrictions apply.



u' =wFy,s x'=wQu)

AL
4,[

Y t'=Fx

Channel

L/ » DAC

n .
streas ms| Baseband
———»{ Precoder » DAC

Fyp

g g @

e » DAC

—L

Analog Precoder Fr

J

EEWANES

Switches

Fig. 2. Block diagram for the proposed design for a mmWave single-user
transmitter with the PC architecture.

precoder and the DACs. When a switch is closed then there
is a connection between the baseband precoder and a DAC,
i.e., the RF chain is active. Note that in the proposed design,
there are N; chains in total but only N/ F < N; of them
are active during the communication phase. Specifically, we
consider a two phase procedure, where at the first phase the
active RF chains are identified while at the second they are
used for communication. In this work, we investigate only the
first phase, in order to identify the best N, 7 RF chains from
the N, available.

Let us consider the input of the MIMO communication
channel X and the output y as discrete random variables with
transition probability p(¥|X). The capacity of this channel is
given by the maximum of the mutual information I(X;¥y),
ie., C = maxz I(X;¥). It has been shown that in the case
of memoryless channels with very noisy inputs, the capacity
is closely related to the Fisher information matrix (FIM)
J = E{Vsp(F|X)Vzp(¥|X)} [14]. Specifically, the following
approximation holds at low signal-to-noise ratio [15]:

1
I(%:§) ~ 5u(JC,) (8)

where C, = E{xx"} = 02AAH + 621 is the covariance
matrix of the quantized signal X.

To proceed, let us express the FIM considering the system
model described by (7). To simplify the problem, we apply a
whitening filter C;* = (o2diag(HH) + O'?LINT)il to the
output y, and we get the following system model:

Yo =C,'y =C, Hcs +n, )

where n,, ~ N(0,Iy,). Note that to obtain (9) we assume
perfect knowledge of the channel information state at the
transmitter. The FIM can now be given as the sum of K
independent measurements:

K
3= (C; L (C H (10)
k=1

where in this case K = N,. This is a key expression for
our formulation, since it expresses the contribution of each

measurement to the FIM separately. The additive property of
the FIM allows us to introduce the selection matrix W &
ZNe* Nt to obtain

K

Iw =Y [Wli[C, HL[C; "HJf
k=1
where [W]i, € {0,1} and [W]g; = 0 for k # [. Therefore,
a closed switch implies that its measurement will be taken
into account via (11), while in the other case, an open switch
implies that its measurement will not contribute into the
information loss cost function of (11).

To minimize the energy consumption of the DACs, the
number of closed switches (active RF chains) should be
minimum value possible; equivalently the number of non-zero
entries of W has to be minimized. Formally, the optimization
problem can be expressed as:

Y

n\l)‘i]n [vec(W)||, subject to tr(JwC;) > AR (12)
where || - || is the £o-quasi norm and R is the highest reliable
rate of communication which is expressed as:

R = Blogdet(I+ C,'H.H(C; ")) (13)

where B is the transmission bandwidth. The parameter A takes
values in [0, 1], where large values of A will result in a higher
number of active RF chains, while for A — 0 a sparser
solution with fewer RF chains will be obtained. Note that, this
formulation is closely related with the problem of best subset
selection, where from /V; independent variables we have to
select the best N, F < Ny, using K measurement values [16].

Based on (8), the capacity of the MIMO channel, which is
the maximization of the mutual information, can be approxi-
mated by the maximization of the trace of the matrix JwC,,
which is equal to the sum of its eigenvalues. To simplify the
problem, instead of maximizing the sum of the eigenvalues
of Jw, we can put a lower bound on each eigenvalue of the
matrix Jywy. Specifically, based on linear matrix inequalities
we have the following:

Jw —ARI = Oy, . (14)

Moreover, to make the problem (12) computationally tractable,
the £y norm should be replaced by the ¢; norm. The resulting
convex optimization problem can be expressed as:

min] vec(W), (15)

K
subject to Y [W][C; ' Heli[C ' HL)Y > AR, (16)
k=1

0< Wi <LVE=1,2,... K. (17)

The problem in (15) is a standard semi-definite one which can
be efficiently solved in polynomial time using interior-point
methods (e.g., CVX [18]).

Remark: In order to ensure that (15) can be solved, the
number of the measurements K has to be larger than the
number of the system parameter N, !, thus FIM J has full
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rank. To ensure this property, we replace H, with a randomly
sub-sampled version of it, ie., H, = He]jo € clamny’
where () is the subset of randomly selected indices from the
set {1,2,..., N/} with |Q] < N/

IV. SIMULATION RESULTS

In this section, we evaluate the performance of the proposed
algorithm through simulation results. We consider the case of
a point-to-point mmWave-based massive MIMO system with
hybrid analog/digital beamforming. The transmitter and the
receiver have N; = N, = 64 antennas. We assume that the

source signal s(t) x CN+*1 ¢ = 1,... T is normalized with
E{|ls(t)||*’} = 1 and N, = 4. The normalization parameter
of the channel in equation (1) is set to v = ‘f To

solve the constrained optimization problem of (15) we have

employed CVX [18] routines in MATLAB. The results have

been averaged after running 100 Monte-Carlo simulations.
Concerning the quantization model, we assume that all

DACs have the same number of bits b, = b for ¢ =
1,2,..., N/ T, thus the quantization distortion parameter is
the same for all DACs with p,, = pp, while the variance

of the quantization noise was set to o2 = p?. The analog and
digital precoding matrices F,,F;;, are computed based on
the solution of the following

(Frf7 be) —=arg min ||F0pt — beFerF (18)
F.r.Fup

S.t. F,-f S .F,-f, (19)

[F s Fopl|7 = N (20)

where F ¢ is the set of feasible RF precoders which corre-
sponds to a hybrid architecture based on the phase shifters
[3], [7] and F,,; is obtained by the N, columns of the right
singular matrix.

In Figs. 3 and 4 we show the spectral efficiency with respect
to (w.r.t.) the signal-to-noise ratio (SNR), which is given by
the expression

S = log det(I + HFF”H") bits/sec/Hz

for the case of a fully-connected (FC) and a partially-
connected (PC) system, for both 1 and 3 bits quantization
cases. We compare three system setups depending on the
number of active RF chains: i) an equal number of the antennas
and RF chains, i.e., N; = Ntrf = 64, ii) a smaller number of
randomly chosen RF chains compared to the number of the
transmitter antennas, i.e., N; > Ntrf = 32 and iii) also a
smaller number of RF chains but optimally selected based on
the solution of (15).

For the FC case, depicted in Fig. 3, we observe that the
proposed technique chooses fewer than 32 RF chains while
it achieves better performance in terms of spectral efficiency.
This is true for both DAC resolution cases, 1 and 3 bits. For
the PC case in Fig. 4, we observe similar behaviour, although
the performance range is lower due to the partial connection
of the RF chains and the antennas.
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o
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o
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Fig. 3. Spectral efficiency curves w.r.t. the SNR for the FC case with A = 0.1.
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Fig. 4. Spectral efficiency curves w.r.t. the SNR for the PC case with A = 0.1.

Considering the energy efficiency of the proposed technique,
it can be defined as the ratio between spectral efficiency R and
the power consumption P, i.e.,

S
A .
= —bits/Hz/J 21
€ iz its/Hz 21
where S £ %bits/s/Hz. We consider that the total power
consumption, P, is the sum of the power consumed for
transmission and baseband processing and analog processing
entities, i.e.,

P = u(FF*) + N/ P.;2? + NN TP, (22)

where P,y and P,, represent the power per RF chain and the
power per phase shifter, respectively, while 22° represents the
DAC resolution power factor. The energy consumed by the RF
chains is a major concern leading to a high value of P,y with
a substantial increase in energy for each RF chain. In the FC
hybrid precoder structure, one can consider that N, is equal
to Ntr ! N; while for the PC hybrid architecture, it should be
N [19], [20].

In Figs. 5 and 6 we show the energy efficiency € w.r.t. the
SNR for FC and PC cases, for both 1 bit and 3 bits cases.
Comparing the three curves in each case, we can verify that the
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Fig. 5. Energy efficiency curves w.r.t. the SNR for the FC case with A = 0.1.
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TABLE I
POWER CONSUMPTION (IN MWATT) FOR 10 DB SNR AND 1-BIT
RESOLUTION.
Component | Per entity | N, F=32 N/ F=23
RF chains 0.1 3.2 2.3
Phase shifters 0.01 0.32 0.23
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