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Abstract Millimeter wave (mmWave) communication is
an emerging technique to provide large bandwidth in cellular systems. However, mmWave signals experience
more pathloss than the microwave signals adopted in current wireless communications. Therefore, a mmWave system tends to adopt a large number of antennas to combat
pathloss with high beamforming gain. In conventional
multi-antenna systems, both beamforming and precoding
are done digitally in baseband. The high cost and power
consumption of certain components in mmWave systems
render conventional architecture infeasible. In this paper,
we consider low complexity hybrid analog/digital
precoding and low-resolution analog-digital converters
(ADCs) (1–3 bits) in downlink multiuser mmWave
MIMO systems. We propose a new transmission scheme
involving rationale of beamspace MIMO communications
and beam selection. We also develop a low complexity
beam selection algorithm and evaluate adaptive selection
on the RF configuration for energy efficiency (EE) optimization. Our analysis and simulation results show that
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the proposed scheme can significantly reduce system
complexity and achieve good performance on energy efficiency and detection.
Keywords mmWave . Hybrid precoding . Multiuser MIMO .
Energy efficiency . Low-resolution ADC

1 Introduction
In recent years, the growth of data traffic is rapid with the
increasing popularity of mobile devices. Advanced transceiver and high complexity of signal processing technologies are
to be exploited to provide more capacity. Recent works
showed that millimeter wave (mmWave) technologies, operating at 30–300 GHz, are able to use high dimensional antenna
arrays with significant beamforming gain [1–3]. The main
disadvantage is its high signal attenuation by the physical
property where the free space propagation pathloss is inversely proportional to the wavelength. However, shorter wavelength allows a larger number of antennas to be packed into
a small form factor, which can acquire higher beamforming
gain to compensate the severe pathloss. Hence, a combination
of mmWave communications and the massive MIMO is
promising techniques for coping with enormous capacity
demands.
On the other aspect, the large number of antennas
causes high transceiver complexity. If the number of RF
chains equals the number of antennas, high cost and power consumption of the mixed components, such highresolution analog-digital converters (ADCs), render it
hard to employ [4, 5] economically. Recent works showed
that few-bit ADCs can be implemented at receiver in massive MIMO systems to alleviate power consumption problems at the cost of performance degradation [6].
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In order to enable mmWave communications, recent
studies focus on developing new transceiver schemes
aiming to reduce hardware complexity in high dimensional MIMO systems [7]. Previous works discussed
that only adopting phase shifters instead of fully digital
baseband precoding could be a solution. That is, analog
beamforming which controls the phase of signal via a
network of analog phase shifters was implemented in
the analog domain [8, 9]. Nevertheless, analog
beamforming is subject to additional constraints, e.g.,
the phase shifter might be controlled digitally and can
only use quantized phase values. These constraints limit
performance of analog beamforming. As a result, hybrid
precoding, which involves a combination of analog and
digital processing, was proposed. The digital precoding
layer of hybrid precoding provides additional degree of
freedoms to manage the interference between user
equipments (UEs) and can transmit multi-stream simultaneously to enhance quality of transmission. However,
the complexity of determining the optimal analog
beamforming and corresponding digital precoder is extremely high. Hence, the development of lowcomplexity hybrid precoding algorithms for multiuser
systems has emerged as an important research topic
[10–13].
In this paper, we first introduce an architecture of
hybrid precoding that involves analog beamforming
adopting Butler matrices [14, 15], which multiplex data
onto orthogonal spatial beams and digital precoder
which adopts zero-forcing (ZF) to cancel interference
among UEs. Then, we propose a procedure involving
the architecture of the transmitter and receiver for energy efficiency (EE) optimization and an efficient beam
selection algorithm for multiuser massive MIMO systems. Our approach can efficiently decide a subset of
beams for system energy efficiency optimization according to limited feedback information from UEs. Since
power consumption and baseband processing are of critical concern at mobile terminals, we also consider the
feasibility of using low-resolution ADCs at the UE side.
The goal for energy efficiency optimization is to
achieve the optimal tradeoff between data rate and power consumption.
The remainder of this paper is organized as follows. In
Section 2, the system, channel and power consumption
models are described. In Section 3, problem formulation for
energy efficiency optimization is defined. In Section 4, we
propose a beam selection algorithm for efficiently maximizing
energy efficiency. In Section 5, complexity analysis of the
proposed algorithm is presented. In Section 6, performance
metrics with low-resolution ADCs are introduced. Finally,
simulation results and conclusions are presented in Section 7
and Section 8, respectively.

2 System Models
In this section, the system model and mmWave channel model
are first introduced. Furthermore, the power consumption model
will be introduced when considering massive MIMO systems.
2.1 System Model
We consider a downlink multiuser mmWave MIMO system
where a base station (BS) with NBS antennas and NRF RF
chains are assumed to communicate with U UEs as shown
in Fig. 1. Each UE is equipped with MUE antennas and receives one stream via one RF chain, i.e., the total number of
streams is Ns = U. Then, we assume that maximum number of
users which can be simultaneously served by the BS is no
more than the maximum number of BS RF chains, i.e., U ≦
NRF. This is motivated by the spatial multiplexing gain of the
described multi-user hybrid precoding system which is limited
by min(NRF, U). In this architecture, the number of active RF
chains is smaller than number of transmit antennas NBS, i.e.,
NRF < NBS.
In downlink transmission, the BS adopts an NRF × Ns


baseband precoder FBB ¼ f BB;1 ; f BB;2 ; … f BB;N S followed
b y a n N B S × N R F a n a l o g b e a m f o r m e r FRF ¼


f RF;1 ; …; f RF;N RF ⊂ℱ where ℱ represents the analog
beamforming codebook. The analog beamformer FRF can be
determined by the selection matrix A and then represented as
FRF ¼ ~FRF A;

ð1Þ

where A = diag(a1, …, aV) represents the selection matrix and
ai = 1 represents choosing the ith beamforming vector.
Otherwise, ai = 0. V represents analog beamforming codebook
size. ~FRF is the whole analog beamforming matrix.
The received signal at the uth UE can be expressed as
ru ¼ Hu FRF FBB s þ nu ;

ð2Þ

where Hu is the MUE × NBS matrix representing the mmWave
channel between BS and the uth UE, and nu ~ N(0,σ2I) is the
Gaussian noise. s = [s1, …, sU]T is the U × 1 vector of transmitted symbols, such that E½ssH  ¼ PUt IU , and Pt is the total
transmit power. We assume that the transmit power Pt is equally allocated among different user streams. Since FRF is implemented using analog phase shifters which might be controlled
digitally and only use quantized phase values, its entries are
constant modulus. We normalize these entries to satisfy


 ~  2
m ¼ 1; …N BS ; n ¼ 1; …; V. F B B
 FRF m;n  ¼ N −1
BS ;
is normalized by k FRF FBB k 2F ¼ U to ensure that the total
transmit power at BS will not be affected by hybrid precoding.
At the uth UE, the RF combiner wH
RF;u is used to process the
received signal ru
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Figure 1 Architecture of proposed hybrid precoded MIMO system.
H
yu ¼ wH
RF;u Hu FRF FBB s þ wRF;u nu :

ð3Þ

Since we assume the transmit power Pt is equally allocated
among different user streams, and nu ∼ N(0, σ2I). The achievable rate of UE u is given by
0
1
2
Pt  H

wRF;u Hu FRF f BB;u 
B
C
U
ð4Þ
Ru ¼ log2 @1 þ
A;
2
Pt

 H
2
∑n≠u wRF;u Hu FRF f BB;n  þ σ
U
which is defined for ideal ADCs with infinitely many bits. For
non-ideal ADCs with finite bits, upper bounds on the achievable rate can be found in [16, 17]. The sum rate of the system
U

is then Rsum ¼ ∑ Ru :.
u¼1

2.2 Channel Model
MmWave communications is an emerging technique to provide
large bandwidth in cellular systems. However, mmWave signals
experience more pathloss than the microwave signals adopted in
current wireless communications. Therefore, a mmWave system
tends to employ a large number of antennas to combat pathloss
with high beamforming gain. Due to shorter wavelength in
mmWave communication, a large number of antennas can be
implemented into a small form factor. Hence, the channel models
need to have features similar to the 3D channel model developed
in 3GPP [18] including elevation angle spreads and elevation angle biases if we display the array into 2-dimension. The channel
parameters of mmWave systems are measured in [19] (Tables 1
and 2) from ray tracer which involves the cross-correlations of the
large scale parameters.
According to [19], we can construct the channel model in
which parameters are generated to represent the channel characteristics of each cluster.




pﬃﬃﬃﬃﬃ M F rx; j;V φn;m ; ζ n;m T


H j;h;n ðt Þ ¼
Pn ∑
m¼1 F rx; j;H φn;m ; ζ n;m
qﬃﬃﬃﬃﬃﬃﬃﬃ vh 3
2
vv


jΦn;m 
e jΦn;m
κ−1
F tx;h;V ϕn;m ; θn;m 
n;m e
4
5
q
ﬃﬃﬃﬃﬃﬃﬃﬃ

hh
jΦhv
F tx;h;H ϕn;m ; θn;m
n;m
κ−1
e jΦn;m
n;m e
 e

j2πλ−1
0

φn;m ⋅rrx; j;

e

j2πλ−1
0

ϕn;m ⋅rtx;h

ð5Þ

e j2πvn;m t ;

where j is the index of UE receive antenna, h is the index of
transmit antenna, n is the cluster number, Pn is the power of
cluster n, M is the number of rays per cluster. Frx,j,V and Frx,j,H
are the field antenna patterns for the jth UE antenna in 3D for the
vertical and horizontal polarization respectively. Ftx,h,V and Ftx,h,H
are the field antenna patterns for the hth transmit antenna in 3D
for the vertical and horizontal polarization respectively. φn, m is
the azimuth angle of arrival and ζn, m is the elevation angle of
arrival. κ is the cross polarization power ratio in the linear scale.
The detailed procedure for constructing the mmWave channel
can be found in [19].
2.3 Power Consumption Model
The power consumption for operating the circuit in
massive MIMO systems is not negligible due to a large
amount of antennas (hundred to thousand) at both the
Table 1

FLOP count of three beam selection algorithms.

Selection
algorithm
Exhaustive
search
Proposed tree
search

FLOP count

*

*
C 18
6* ðN BS N RF þ M UE ðN BS þ 1ÞÞ
N RF U
N RF

∑ 6* U * N BS * ðn þ 1Þ þM UE * ðN BS þ 1Þg
n¼1

f18−n−1g
U {6 MUE∗(NBS + 1)}∗NRF
*

MM search

∗

∗
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Table 2

Parameters used in computer simulations.

Parameters

Value

System bandwidth B

1 GHz
73 GHz

Carrier frequency fc
PA efficiency η
Power consumption of transmit RF chain Pt,RF
Power consumption of receive RF chain Pr,RF
Total transmit power Pt
Maximum number of active RF chains NRF

0.35
34.4 mW
62.5 mW
35 dBm
8

transmitter and receiver sides. Power consumption of
certain components in each RF chain dominates the total power consumption. Therefore, all signal processing
steps via each RF chain will be considered in the power
consumption model according to [20]. However, in order to keep the power consumption model from being
over-complicated at this stage, baseband signal processing blocks, e.g., source coding, channel coding, digital
modulation, and pulse-shaping, are intentionally omitted.
Here, the circuit power consumption model is introduced which includes the power consumed by transmission power, ADCs, digital-analog converters (DACs),
local oscillator (LO), mixer, filter, low noise amplifier
(LNA), intermediate frequency amplifier (IFA), and
power amplifier (PA). As mentioned above, the circuit
of the transmitter and receiver are shown in Fig. 2.
The total power consumption can be divided into two
main components: power consumption of all the PAs
PPA, and that of all other circuit blocks PRF. The total
power consumption at the transmitter and receiver can
be defined as

Ptotal ¼



1 jwt j
Pt
þ jwt j* Pt;RF þ jwr j* Pr;RF þ 2PADC ; ð6Þ
η N RF

where η is the efficiency of PA. |wt| and |wr| are the
number of active transmit and receive RF chains, respectively, i.e., U ≤ |wt| = trace(A) ≤ NRF. Pt is the total
transmit power. P t,RF and P r,RF represent the circuit
power consumption, accounting for the mixer, DAC,
and filter, at each transmit RF chain and receive RF
chain, respectively. Here we merge power consumed
by LO into that consumed by RF chain. PADC is the
resolution dependent power consumption of the ADC.
In this paper, both the full-resolution ADC (8–9 bits)
and low-resolution ADC (1–3 bits) will be evaluated.
Note that power consumed by ADC is considerable in
total circuit power consumption.
For different bit analysis, power consumption differs from
resolution operated in ADC. According to [21], it depends on
sampling rate and b to the power of two where b is the bitresolution. To estimate the power of ADC, the most commonly used figure of merit (FOM) is adopted. Assuming a fixed
FOM, then relationship between power cost and performance
can be expressed as
PADC ∝2b ⋅ f s ;

ð7Þ

where fs is the sampling rate of ADC.
In our work, we assume the power consumed and transmit
power divided for each RF chain is the same. Therefore, the
maximum total power consumption is limited by the maximum number of transmit RF chains NRF and receive RF
chains U, i.e., Ptotal≦Pmax. Therefore, the maximum total power consumption can be represented as

Figure 2 Circuit components of
(a) transmit RF chain and (b)
receive RF chain.

(a)

(b)
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Pmax ¼



1
Pt þ N RF Pt;RF þ U Pr;RF þ 2PADC :
η

ð8Þ

the system. In particular, the BS can efficiently obtain
the optimal RF configuration with corresponding analog
beamformers and digital precoder by using limited feedback
information from the UEs.

3 Problem Formulation
Our main objective is to efficiently choose the best beam
subset from analog beamforming network and design corresponding digital precoder at BS for energy efficiency optimization. The energy efficiency is defined as the energy consumption per transmitted data bit as follows
U

∑ Ru ðHu ; FRF ; FBB Þ
EE ¼

u¼1



1 j ωt j
Pt
þ jωt jPt;RF þ U Pr;RF þ 2PADC
η N RF

;

ð9Þ

where ωt is the subset of Ω which is the set of all analog BF
vector configurations and the cardinality of ωt, i.e., |ωt|
represents the number of active transmit RF chains.
Then, in order to maximize energy efficiency of system
in (9) with the maximum total power consumption constraint, we can formulate an optimization problem as
U

∑ Ru ðHu ; FRF ; FBB Þ
A; F*BB ¼
s:t:

argmax

u¼1

FBB ; FRF ∈ F;ωt ∈Ω

Ptotal



1 jωt j
þ jωt jPt;RF þ U Pr;RF þ 2PADC ≤Pmax
Pt
η N RF

ð10Þ

∀ f RF;i ∈ F; i ¼ 1; …; N RF



 FRF f BB;1 ; f BB;2 ; …; f BB;U 2 ¼ U
F
U ≤traceðAÞ ≤N RF ;

where the last constraint ensures that the total transmit
power at BS will not be affected by hybrid precoding
which we discussed in Section 2.
Assume that the transmit power for each RF chain is
stable. The transmitter, using more RF chains, leads to
more transmit power consumed for BS but the system
may acquire higher capacity. Therefore, there is a tradeoff between the power consumption and system capacity. According to the optimization problem in (10), the
optimal analog beamformer and corresponding digital
precoder can be obtained by exhaustively searching all
possible RF configurations, i.e., exhaustive search.
However, the complexity of exhaustive search is exponentially increasing with the number of active RF
chains. Such huge search complexity is prohibitive so
low-complexity beam selection algorithm should be exploited
in practice. In the next section, we will introduce an
efficient procedure to maximize energy efficiency of

4 Proposed Procedure
To efficiently obtain the optimal beam subset from analog
beamforming codebook, we propose a procedure which
involves the architecture of transmitter and receiver as
shown in Fig. 3. First, consider the constraints on RF
hardware, such as the phase used for phase shifters
which are quantized angles. The analog beamforming
vectors can take only certain values. As an alternative,
we adopt the Butler matrix which produces orthogonal
beams by predetermined angles to generate the analog
beamforming codebook. In practice, a large number of
antennas will be displayed into 2-D array so 3-D
beamforming would be considered to design the analog
codebook which involves elevation and azimuth angles.
Second, in order to achieve better transmission quality
for each UE and limit feedback information, BS must
train the whole analog beamforming vectors in the codebook for each UE. Then, UEs are required to appropriately
feedback information to BS. Third, BS should exploit the
information returned from each UE to efficiently obtain an
optimal analog beamformer and a corresponding digital
precoder for energy efficiency optimization. The entire
procedure of transmission can be summarized as the
following steps.
4.1 Butler Matrix
We assume that a beamforming network of M2 × M2 antenna
array is described by the Kronecker product of two M × M Butler
matrices. For simplicity, a uniform M × M linear array is assumed
with a distance of dx = λ/2 between the antenna elements, where
λ is the signal’s wavelength. The elements of an M × M Butler
matrix B = (bmk) = [b1, b2, …, bM]T, m, k ∈ {1,…,M} can be described as (see also [15])
bmk ¼

1 jπk ð2m−1Þ=M
e
;
M

ð11Þ

where the parameter M is usually a power of 2. The vector bm
corresponds to the choice of mth input port of the Butler matrix
beamforming network.
4.2 Limited Feedback Information
To reduce the computational complexity of beam selection at BS,
it is important for UEs to efficiently return useful information to
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Figure 3 Proposed procedure for
energy efficiency optimization.

BS. A large number of antennas would cause huge feedback
overhead so limited feedback information is needed between
BS and UEs. Therefore, we consider less feedback information
from UEs by which BS can quickly obtain solutions of analog
beamformer and digital precoder. The whole analog
beamforming vectors in the codebook will be trained to each
UE. According to the results of training, beamspace channel gain
for the uth UE is given by
Gu;i ¼ wH
RF;u Hu f RF;i ; ∀ f RF;i ∈ F; u ¼ 1; …; U ; i
¼ 1; …; V;

ð12Þ

Where ℱ represents the RF beamforming codebook. After the
BS trains the whole RF beamforming vectors to each UE, each
UE can know which beams with corresponding analog
beamforming vector will provide larger received power. Then,
each UE should return NRF largest effective channel gains and
corresponding beam indices to BS. BS can then choose the optimal beam subset from the information feedback from these UEs
by exhaustive search. In next part, we will present how to efficiently select the optimal beam subset using the information
returned by UEs.
4.3 Low-Complexity Beam Selection Algorithm
Consider using a set of RF chains to communicate with all UEs.
We choose a set of analog beamformers to transmit multiple
streams simultaneously and a digital precoder for mitigating interference between UEs. The optimal beam subset can be found
by exhaustive search, which requires very high computational

complexity. We here propose an alternative tree search algorithm
similar to that of sphere decoding to efficiently obtain the optimal solution. The algorithm involves two stages as shown in Fig.
4. In stage 1, a best beam is assigned to each UE according to
effective channel gain to ensure transmission quality. In stage 2,
a beam is chosen yielding the maximum branch weight which is
energy efficiency of the system. Therefore, the optimization
problem of stage 1 can be formulated as




m*u ¼ argmax wH
RF;u Hu f RF;m ; f RF;m ∈ F; u ¼ 1; …; U ; ð13Þ
m

where m*u is the chosen beam index for the uth UE.
To maximize system energy efficiency in stage 2, a beam is
chosen in each layer of a tree search using a predefined branch
weight. The optimization problem of stage 2 can then be formulated as
m*k ¼ arg maxBk;m ; k ¼ U þ 1; …; N RF
m∉ε

s:t:

1 j ωt j
þ jωt jPt;RF þ UPr;RF þ 2PADC ≤ Pmax
Pt
η N RF

ð14Þ

∀ f RF;i ∈ F; i ¼ 1; …; N RF



 FRF f BB;1 ; f BB;2 ; …; f BB;U 2 ¼ U ;
F
where m*k is the chosen beam index in the kth layer. ∈ is the set
of selected beam indices in stage 1 and previous layers. The
branch weight B k,m associated with the mth analog
beamforming vector in the kth layer is defined as
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Figure 4 Proposed tree search
for energy efficiency
optimization.



ðmÞ
~
∑ Ru Hu ; FRF ; FBB
U

Bk;m ¼

u¼1

Ptotal

;

ð15Þ

h
i
ðmÞ
ðmÞ
where ~
FRF ¼ f RF;1 ; …; f RF;k consists of the chosen analog
ðmÞ

beamforming vectors in previous layers, and f RF;k is the mth
possible candidate of analog beamforming vector in the kth
layer.
The overall transmission method including analog
beamforming which is presented above and digital precoding
is summarized in Algorithm I. Note that though we separate
the algorithm into two parts, they are designed jointly.

5 Complexity Analysis
In this section, we compare the computational complexity of several beam selection algorithms by counting the
number of floating-point operations (FLOPs) [22]. In
complex number arithmetic, multiplication and division
are counted as 6 FLOPs. The matrix A∈ ℂM × N is assumed to have no special structure. The vectors a∈ ℂN,
and c∈ ℂM are assumed to have a dimension of N, and
M, respectively. An example of computing FLOP count
Figure 5 FLOP count curves of
different beam selection
algorithms with NBS = 64, U = 4,
and MUE = 4.

of cHAb in the sesquilinear form is as follows. The
sesquilinear form cHAb should be evaluated by computing the matrix-vector product Ab in the first step and
then multiplying with the row vector cH from the left
hand side. The matrix-vector product requires 6*M*N
multiplications. The inner product needs 6*M multiplications. Therefore, the total FLOP count of computing
cHAb is 6*M*(N + 1) FLOPs.
According to the rule of computing FLOP count in [22], the
complexity of several beam selection algorithms are compared as
follows: exhaustive search, maximum magnitude (MM) search
[23], and the proposed tree search. The goal of exhaustive search
is to select the optimal beam subset for maximizing system energy efficiency by searching all possible subsets. The objective of
MM search is to select the beams which provide better received
power for each UE. The goal of the proposed tree search is to
efficiently select optimal beam subset via the tree search described in Section 4.
The resulting FLOP counts are summarized in Table 1, and
Fig. 5 shows the corresponding curves versus number of active
RF chains. It is observed that the proposed tree search achieves
three orders of magnitude reduction in complexity compared to
the exhaustive search and exhibits comparably higher complexity than the MM search. In the section of simulation results,
performance of the three algorithms will be evaluated and compared. It will be seen that the complexity reduction of the proposed tree search is achieved at almost no cost of performance

J Sign Process Syst
Figure 6 Mutual information
obtained with different bitresolution ADCs.

degradation. Note that a metric jointly considering system performance and computational complexity is truly interesting and
worth studying which is left open in the paper.

Due to the designed hybrid architecture, assume that received signal of each user suffers only AWGN channel and
effect of quantization. The Eq. (16) can be rewritten as
pﬃﬃﬃ
ð17Þ
r u ¼ Q ð yu Þ ¼ Q γ s þ w H
RF;u nu :

6 Performance Metrics with Low-Resolution ADCs

Here, assuming automatic gain control (AGC) to be
working perfectly and the quantization noise to follow a
uniform distribution, then analysis starts below.

In this section, performance metrics in use of low-resolution
ADCs are introduced. Upper bounds of the achievable rate for
one-bit quantization is proved in [16] but for multi-bit quantization, the upper bounds are unknown. To our proposed hybrid
architecture, interference among UEs can be mitigated through
digital precoding layer. As a result, we give another point of view
and the exact mutual information and bit error rate (BER) can be
found.
The received signal at the uth UE is
H
r u ¼ Q ð yu Þ ¼ Q w H
RF;u Hu FRF FBB s þ wRF;u nu :

ð16Þ

where Q(.) denotes the quantization function which applies to
component-wise and separately to the real and imaginary parts.
Figure 7 Achievable sum-rates
obtained with different beam selection algorithms with NBS = 64,
NRF = 8, U = 4, and MUE = 4.

6.1 BER
For a b-bit quantization, nearly optimal input signal distribution or modulation scheme can be discussed, especially for one-bit quantization [24], but it is out of our
scope. Therefore, we consider QPSK signaling.
According to [25, 26], if a new random variable is the
combination of two independent random variables, convolution of two probability densities can be operated to obtain new
probability density function (PDF). Therefore, PDF for either
in-phase or quadrature-phase noise components including effect of AWGN and quantization can be defined as
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Figure 8 Achievable sum-rates
obtained with different bitresolution ADCs using tree search
algorithm with NBS = 64, NRF = 8,
U = 4, and MUE = 4.

pð x Þ ¼

Q

xþ2b

=σ  Q

"

x2b

2bþ1

=σ

:

ð18Þ

where Q(.) is the tail probability of the standard normal distribution. Finally, BER for QPSK signaling can be derived by
following the guideline of error probability [27]. The average
BER of the uth user is expressed as


BER ¼ p b^u ≠bu ;
ð19Þ
which is the probability that the bit estimate b^u is different
from the transmitted bit bu.
In a case where the BER is evaluated numerically, it is
estimated through Monte Carlo method. On the other hand,
the analytical BER as mentioned above can be derived.

6.2 Mutual Information
The average mutual information of the discrete channel for the
uth user between the estimated QPSK symbol ^su and the transmitted symbol su is defined as
Figure 9 Energy efficiency
obtained with different beam
selection algorithms with
NBS = 64, U = 4, and MUE = 4.

Iðsu ; ^su Þ ¼ EH

#
Prð^su jsu ; HÞ
∑ ∑ Prðsu ÞPrð^su jsu ; HÞlog2
;
Prð^su jHÞ
su ^su
ð20Þ

where Pr(su) is the distribution of su, Prð^su jsu ; HÞ represents
the transition probability given the channel state information,
and Prð^su jHÞ ¼ ∑su Prð^su jsu ; HÞPrðsu Þ.
Coming from the design of the proposed hybrid precoding,
the influence of channel fading can be expressed in the SNR.
As a result, mutual information (20) can be simplified as.
Iðsu ; ^su Þ ¼ ∑ ∑ Prðsu ÞPrð^su jsu Þlog2
su ^^su

Prð^su jsu Þ
:
Prð^su Þ

ð21Þ

Once each probability term can be learned through BER
analysis discussed in the previous subsection, finally the mutual information between the transmitted and estimated QPSK
symbols can be calculated. The resulting mutual information
is plotted in Fig. 6. It is observed that while using 3-bit ADC,
the mutual information is such closed to that of perfect resolution ADC.
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Figure 10 Energy efficiency
obtained with different bitresolution ADCs using tree search
algorithm with NBS = 64, U = 4,
and MUE = 4.

7 Simulation Results
In this section, we evaluate the performance of the proposed tree
search based beam selection algorithm, and compare it with the
exhaustive and MM search algorithms. We consider the system
model as introduced in Section 2 with a BS employing an 8 × 8
uniform planar array (UPA) and four UEs, each having a 2 × 2
UPA. We use the practical values of Pt,RF = 34.4 mW,
Pr,RF = 62.5 mW [28], and Pt = 35 dBm. The mmWave channel
model suggested in [19] is adopted for all simulations. The other
parameters are summarized in Table 2.
First, we evaluate the achievable sum-rate assuming perfect
effective channel knowledge at transmitter and eight active RF
chains are used. The results are shown in Fig. 7. The proposed
tree search is evaluated with both full-resolution and one-bit
ADCs at the receiver. It is clear that employing one-bit ADCs
severely degrades the sum-rate performance due to quantization
errors. On the other hand, the tree search achieves comparable
performance with the exhaustive search and outperforms the
MM search. These rates are also compared by the block diagonalization algorithm (fully digital) in [29] where the digital
precoder and digital combining vectors of the uth UE are selected
Figure 11 Achievable rate
against number of active RF
chains with NBS = 64, U = 4, and
MUE = 4.

~ ð0Þ vu and wRF, u = uu, where vu and uu are the domas f BB;u ¼ V
u
inant right and left singular vectors of effective channel matrix
~ ð0Þ being an orthogonal basis for the null space
~ ð0Þ , with V
Hu V
u
 uT

of the matrix H1 ; …; HTu−1 ; HTuþ1 ; …HTU T . In summary, we
found that the proposed tree search with full-resolution ADCs
achieves comparable performance with the exhaustive search
which has higher computational complexity.
Furthermore, in comparison with low-resolution ADCs
such as 2-bit and 3-bit, achievable rate analysis [17] using
proposed tree search algorithm is also provided in Fig. 8.
Note that the rate of using b-bit ADC converges to 2b for each
user.
Next, we compare the energy efficiency of different
beam selection algorithms and show the results in Fig. 9.
According to [16], the power consumption of one-bit ADC
is 1/2b-1 that of full-resolution ADC, where b is the number
of bits for full-resolution ADC. Hence, we can analyze
energy efficiency of one-bit ADC by incorporating the
achievable rate and power consumption of one-bit ADC
[16]. It is observed that the proposed tree search achieves
comparable performance with the exhaustive search and
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Figure 12 BER obtained with
different beam selection
algorithms with NBS = 64,
NRF = 8, U = 4, and MUE = 4.

outperforms the MM search. The MM search has poorer
performance since it only chooses the beams which provide better transmission condition for some of UEs. The
proposed tree search with one-bit ADCs has the poorest
performance since the achievable rate is severely degraded
due to the effect of quantization errors. On the other hand,
in Fig. 10, compared with 2-bit and 3-bit ADC, increase of
achievable rate is greater than power consumption, so we
get improvement on energy efficiency.
To show the performance of proposed tree search
algorithm, achievable rate against the number of active
RF chains is delivered in Fig. 11. It is observed that the
lower number of active RF chains used, the lower performance we get. The reason is that most of the chosen
beams with the tree search are determined by effective
channel gain. However, the performance approaches the
optimal solution when the number of active RF chains
increases due to that the additional degrees of freedom
from digital layers are exploited.
In Fig. 12, BER performance of different beam selection algorithms is compared using QPSK signaling.

Figure 13 BER obtained with
different bit-resolution ADCs
using tree search algorithm with
NBS = 64, NRF = 8, U = 4, and
MUE = 4.

In this case, it is assumed that the receiver has effective
channel knowledge including quantization effect and
employs the conventional MMSE detector. Again, we
can see that proposed tree search with full-resolution
ADCs achieves comparable performance with the exhaustive search. That is, the beam subset which can
provide better transmission quality for UEs is chosen
correctly. The reason for the poorer performance of the
MM search is that it cannot accurately choose the beam
subset which has caused slight performance loss. The
proposed tree search with one-bit ADCs has the poorest
performance since the detected symbols are severely affected by low-resolution ADCs. Nevertheless, its performance degradation is not very severe and exhibits a loss
of about 4 dB at high SNR. Consequently, there exists
trade-off between performance and power consumption
when considering power consumption issues. In Fig. 13,
we can see the BER comparison as well using proposed
tree algorithm in utilization of different resolution
ADCs. It’s observed that 3-bit case might be a promising solution while considering power consumption issue.
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8 Conclusions
Energy efficiency is a popular and important issue under consideration of future communication systems which will possibly deploy large-scale antennas. In this paper, we introduce an
architecture of hybrid precoding that involves analog
beamforming and digital precoder in downlink multiuser
mmWave MIMO system. We then propose a low complexity
beam selection algorithm for efficiently maximizing system
energy efficiency using limited feedback information from the
users. In particular, the use of low-resolution ADCs at the
receiver is considered in order to reduce power consumption.
Our selection metric is adopted based on the overall user
channel quality. Analysis and simulation results show that,
as compared with exhaustive search, the proposed beam selection method achieves comparable performance and has
much lower computational complexity. Moreover, the proposed beam selection method outperforms the conventional
method based on received signal strength. It is noteworthy
that although low-resolution ADCs lead to severe degradation
in system sum-rate, the corresponding BER performance exhibits relatively mild degradation as compared to fullresolution ADCs when using the QPSK signaling. The proposed architecture suggests a feasible solution to energy efficiency optimization in multiuser massive MIMO systems.
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