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Power Scaling and Antenna Selection
Techniques for Hybrid Beamforming in
mmWave Massive MIMO Systems
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Abstract— With the advent of massive MIMO and mmWave,
Antenna selection is the new frontier in hybrid beamforming
employed in 5G base stations. Tele-operators are reworking on the
components while upgrading to 5G where the antenna is a last-mile
device. The burden on the physical layer not only demands smart
and adaptive antennas but also an intelligent antenna selection
mechanism to reduce power consumption and improve system
capacity while degrading the hardware cost and complexity. This
work focuses on reducing the power consumption and finding the
optimal number of RF chains for a given millimeter wave massive
MIMO system. At first, we investigate the power scaling method
for both perfect Channel State Information (CSI) and imperfect
𝟏
𝟏
CSI where the power is reduced by
and
respectively. We
𝐍𝐫

√𝐍𝐫

further propose to reduce the power consumption by emphasizing
on the subdued resolution of Analog-to-Digital Converters (ADCs)
with quantization awareness. The proposed algorithm selects the
optimal number of antenna elements based on the resolution of
ADCs without compromising on the quality of reception. The
performance of the proposed algorithm shows significant
improvement when compared with conventional and random
antenna selection methods.

Keywords—Antenna Selection, Massive MIMO, millimeter
Wave, 5G, Hybrid Beamforming, Power Scaling
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I. INTRODUCTION

ILLIMETER-WAVE (mmWave) technology has been
considered to be a dominant enabler for the success of
next-generation cellular networks. Massive MIMO antenna
systems have gained considerable attention as a key candidate
in mmWave communications because they render significantly
enhanced spectral efficiency [1-3]. In mmWave massive MIMO
systems, Beamforming (HBF) is a primary signal processing
technique to compensate for the higher path loss in mmWave
propagations [4-6]. Beamforming (BF) enables the antennas to
form directional beams focusing on the desired spatial
directions allowing to serve the terminals located in different
spots. Thus beamforming technique significantly contribute to
improve spectral efficiency in massive MIMO systems. Due to
a large number of antennas in massive MIMO, there arise the
practical challenges such as power consumption, hardware cost
and complexity [7].
One way to reduce the hardware cost and complexity is by
adopting hybrid beamforming designs that use smaller number
of radio frequency (RF) chains than the number of antennas in
massive MIMO array. The analog-to-digital converters (ADCs)

used in the RF chains consume significant power. The power
consumption in ADCs scales exponentially concerning their
resolutions (number of quantization bits). Hence, use of low
resolution (1 to 3 bits) ADCs could be a possible solution.
Power scaling analysis for massive MIMO system is well
presented in [8], they assume a relay fading channel with
arbitrary rank mean, but do not address the overheads on ADCs.
In [9], authors describe the energy efficient law for massive
MIMO and address the issues with eavesdroppers and other
security constraint rather not concerning the reduction in
hardware cost and its complexity. In [10] and [11], power
scaling methods for massive MIMO are presented, however
they do not touch upon the hybrid beamforming aspect. The
work in [12] illustrates the spectral and energy efficiency of
multi-pair Massive MIMO with Hybrid Processing without
considering antenna selection aspect. Until recently, most of the
previous works have presented the significance of lowresolution ADCs considering the same number of RF chains as
number of antennas in MIMO array [13-16] without presenting
the trade-off in number of RF chains and the number of
quantization bits. The reduced number of RF chains with low
resolution ADCs has been investigated in [17-19] using analog
phase shifter with analog processing. However, the analog
phase shifters require additional power and hardware cost.
For massive MIMO receivers, processing with analog
phase shifters and analog processing using switches was
compared and the selection of antennas to reduce the number of
RF chains is discussed in [20]. For mmWave channels, it is
proven in [20] that, system with reduced number of RF chains
can provide equal spectral efficiency as it could achieve with
analog processing and analog phase shifters. The antenna
selection scheme in [20] does not exploit the sparsity
characteristics whereas the analog processing with phase shift
does. Hence the channel do not put much limit on the antenna
selection. The concept of antenna selection becomes very
important in mmWave massive MIMO receivers. Indeed, for
mmWave channels a greater number of RF chains could be
reduced by the advent of antenna selection mechanism thereby
reducing the significant amount of power consumption and
hardware complexity [21 - 24]. To the author’s best knowledge,
there has been no work in the literature which has discussed
power scaling in arena of massive MIMO, hybrid beamforming
and antenna selection. In this paper, we present i) A power
scaling models for massive MIMO receivers for perfect and
imperfect CSI. ii) The capacity achieved by hybrid
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beamforming system with reduced number of RF chains. iii)
Also, we propose an optimal quantization error aware antenna
selection algorithm.
II. BACKGROUND
Increasing smartphone usage has led to an exponential increase
in the transmission of multimedia content over mobile networks.
This has, in turn, led to significant growth in global mobile
traffic. Apart from handling the enormous wireless traffic,
mobile networks should also be feasible to realize the exciting
applications in new domains, such as Augmented/Virtual reality
(AR/VR), Internet of thing(IoT), Internet of Vehicles(IoV),
Device to Device(D2D) communication, Machine to Machine
communication (M2M) to name a few. The legacy wireless
networks cannot potentially support the exponentially increased
mobile traffic and a large number of network services
envisioned in the aforementioned new domains. The fifthgeneration (5G) cellular networks promise to meet these
demands, aiming to achieve nearly 10 Gbps data rates, to
connect 1 million devices per square km, targets 1 millisecond
round trip latency and 1000x bandwidth per unit area required
to support the future applications.
A. Physical layer Technologies for 5G
The new physical layer technologies like millimeter wave,
massive MIMO and Beamforming are considered as key
enablers majorly contributing to realize the goals of 5G
networks. The 5G systems operate in two frequency bands
namely, sub-6 GHz (<6GHz) also referred as frequency range
1(FR-1) and frequency range 2 (FR-2; 24GH to 56 GHz) falls
in mmWave band (30 GHz to 300 GHz). The available
bandwidth in the mmWave band plays a key role in determining
the larger data rates. In contradiction, the propagation loss at
mmWave frequencies is substantial due to higher carrier
frequencies. Their week diffraction ability renders it very
sensitive to blockage by obstacles.
The smaller wavelengths of mmWave band allow to pack a
large number of antennas in the same physical area. When the
number of antenna elements is large (nearly 100 to 200), it is
referred to as a massive MIMO antenna. A large number of
antennas in massive MIMO results in huge spatial multiplexing
gains thereby increasing the capacity of the network by several
fold. Massive MIMO technology leads to reduced radiated
power and greater simplicity in signal processing. Millimeter
wave communication systems inherently use massive MIMO
antennas. However the higher propagation loss and reduced
scattering of mmWave lead to significantly different physical
channels that require intelligent signal processing to exploit the
changed
propagation
scenario.
Millimeter
wave
communications have highly directional characteristics due to
large antenna arrays. Hence spatial multiplexing and frequency
reuse coupled with beamforming hold the key to improve
network capacity.
The advantage of the MIMO system can be leveraged by a
powerful technique called beamforming (directing the
transmitting beam of an antenna in a particular direction). BF
saves power, offers frequency reuse while increasing coverage.
The analog type of BF contains a single RF chain connected to
all the antenna elements through the analog phase shifters, while
the digital BF has a separate RF chain for an individual antenna

element. In the former category, the analog phase-shifters would
influence to steer the signal emitted by the array in the desired
direction. In the latter category, different signals are designed
for each antenna in the digital domain. Digital beamforming
also referred to as precoding, deals with creating multiple beams
to multiplex several data streams, choosing the steering
direction and choosing the transmit power (power allocation).
Hybrid beamforming, is the compromise between the two
(analog beamforming and digital beamforming). The number of
RF chains used in HBF is smaller than the number of antennas
thereby reducing the cost and complexity of the hardware.
B. Millimeter wave Hybrid Beamforming Technique
Beamforming with large antenna arrays is key for
recognizing the gains in mmWave MIMO (mmWave massive
MIMO)[25].
Naturally,
optimal
beamforming,
precoder/combiner design strategies will play a critical role in
the implementation of mmWave systems [26]. There is a vast
difference among MIMO architectures at FR-1 and FR-2 bands
[27]. In the FR-1 regime, complete signal processing action
carried out in baseband digitally by assuming an individual RF
chain, ADC /DAC for every antenna. But this model does not
suite for FR-2 due to three main hardware constraints: First,
Each RF chain requires a power amplifier, low noise amplifier,
therefore its implementation becomes significantly difficult at
mmWave as there would be large number of antennas. Second,
the power consumption of the large number of ADCs/DACs
would be substantially increased by the high sampling rate in
mmWave regime (Giga samples per second) [28], and third,
since antennas are closely spaced, the physical space limitation
itself prohibits using a complete RF chain per antenna. These
severe hardware restrictions have to lead to the development of
new architectures specific to mmWave MIMO where signal
processing is accomplished by a mixture of analog and digital
domains, this is termed as hybrid analog-digital signal
processing. Analog beamforming (RF beamforming) is the
easiest signal processing approach deployed either transmitter
or/and receiver [29]. It is considered as a suitable solution
supported in IEEE 802.11ad standard. RF beamforming is
implemented using a digitally controlled phase shifters, where
all the antenna elements are connected to a single RF chain via
these phase shifters. It can only support a single user with the
single-stream transmission (multi-user, multi-stream benefits of
MIMO could not be realized). The hybrid analog-digital
architecture shown in Fig.1 uses a small number of transceivers
of RF chains NtRF employed at the transmitter and RF chains at
the receiver NrRF such that Ns < NtRF <Nt and Ns < NrRF <Nr
respectively. Ns denotes the number of streams, Nt and N𝑟
represents the number of antennas at transmitter and receiver
respectively. In contrast to analog beamforming, hybrid
architecture enables both spatial multiplexing and multiuser
MIMO in mmWave. The hybrid structure allows fullyconnected architecture where all antennas connected to each RF
chain and partially connected architecture where the antenna
array gets divided into sub-arrays, each sub-array connected to
its RF chain, the later architecture of hybrid beamforming
reducing the hardware complexity at a cost of less flexibility.
Hybrid architectures can also be based on switching networks
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Fig. 1. Millimeter Wave Hybrid Beamforming System
to select subsets of antennas. Alternatively, to reduce the
complexity, reduction of ADCs resolution to 1 to 3 bit/s leads to
significant saving in power consumption.
III. SYSTEM MODEL
We assume a multi-user MIMO uplink scenario in which
the base station (BS) is equipped with Nr antennas serving K
users with a single antenna each. The number antennas at BS is
assumed to be much larger than the number of users (Nr ≫K).
Once BS receives the pilot signals from user, it selects N
antennas and activates them for beamforming. The active
antennas are connected to RF chains comprising ADCs. The
baseband pilot signal 𝒓 ∈ ℂNr received through a narrowband
channel can be represented as
𝒓 = √𝜌𝑯𝒔 + 𝒏
(1)

cell interference with simple signal processing and effect of
small-scale fading can be averaged out by channel hardening.
As the number of antennas grows large at BS, the channel
vectors between the users and the BS become pairwise
orthogonal. Furthermore, massive MIMO enable devices to
reduce their transmit power helping them drain their batteries
slower, thus prolonging the device lifetime.
Considering user 1 as the desired user without loss of generality,
the received signal can be expressed in terms of desired signal
and interference components as
𝒓𝟏 = √𝜌𝛾1 𝒈𝟏 𝒔𝟏 + √𝜌 ∑K𝑖=2 √𝛾𝑖 𝒈𝒊 𝒔𝒊 + 𝒏

the matched filter receiver or maximal ratio combiner(MRC) for
user 1 is given as
𝒈 H

𝒈 H

𝒓𝟏 = √𝜌𝛾1 ‖𝒈𝟏 ‖𝒔𝟏 + √𝜌 ∑K𝑖=2 √𝛾𝑖 ‖𝒈𝟏 ‖ 𝒈𝒊 𝒔𝒊 + ‖𝒈𝟏 ‖ 𝒏
𝟏

Where 𝜌 denotes the transmit power, 𝑯 represents mmWave
channel matrix, 𝒔 is the pilot symbol vector and 𝒏 being the
additive white Gaussian noise (AWGN) vector. Here, 𝒔 and 𝒏
assumed to have zero mean and unit variance. Number of
columns in 𝑯 represents the number of users. Each column
representing the channel vector corresponding to the respective
user. The channel vector corresponding to user k is written as

𝟏

(2)

(5)

and the signal to noise interference ratio (SINR) is given as,
𝜌‖𝑔1 ‖2

𝑆𝐼𝑁𝑅 =

2

𝑔 H

(6)

2

𝑔 H

1
1
𝜌 ∑K
𝑖=2 𝐸 {|‖𝑔1 ‖𝑔𝑖 | }+𝐸{|‖𝑔1 ‖𝑛| }

Recalling that the noise samples are distributed as 𝐶𝒩 (0,1) and
𝒈 H

2

it follows that 𝐸 {|‖𝒈𝟏 ‖ 𝒏| } =1. Further, coefficients of 𝒈𝒊 are
𝟏

𝒉𝒌 = √𝛾𝑘 𝒈𝒌

(4)

𝒈 H

2

distributed as 𝐶𝒩 (0, 𝛾𝑖 ), hence it follows 𝐸 {|‖𝒈𝟏 ‖ 𝒈𝒊 | } = 𝛾𝑖 .
𝟏

Here, 𝛾𝑘 is the large scale fading gain which includes geometric
attenuation and shadowing effect, 𝒈𝒌 denotes the small scaling
gain vector for user k. The BS assumed to be having the
knowledge of the channel 𝑯. The BS selects N antennas and
connects them to N RF chains. The analog signal in (1) received
through the N selected antennas would become
𝒓𝓚 = √𝜌𝑯𝓚 𝒔 + 𝒏𝓚

(3)

Where 𝓚 denotes the index vector of selected antennas with
cardinality of |𝓚| = N, 𝒓𝓚 ∈ ℂN .
A. Power reduction Models
Massive MIMO systems can simultaneously serve tens of
users, very large antenna arrays can substantially reduce intra-

Therefore, SINR can be further simplified as
𝑆𝐼𝑁𝑅 =

𝜌‖𝒈𝟏 ‖2
𝜌 ∑K
𝑖=2 𝛾𝑖 +1

(7)

Considering the power of each user is scaling inversely as the
𝐸
number of antennas at the BS ( 𝑢 ) , the SINR scales as
𝑁𝑟

𝑆𝐼𝑁𝑅 =

2
‖𝒈𝟏 ‖
Nr
1
𝐸𝑢 ( ∑K
𝛾 )+1
Nr 𝑖=2 𝑖

𝐸𝑢

= 𝐸𝑢 𝛾1

(8)

And the rate scales as
𝑙𝑜𝑔2 (1 + 𝑆𝐼𝑁𝑅) = 𝑙𝑜𝑔2 (1 + 𝐸𝑢 𝛾1 )

(9)
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Thus, we can maintain constant rate even with power scaling as
1
, thus the power of each user can reduce inversely proportional
Nr

to the number of antennas Nr . Similarly, if the channel is not
known at the BS and the channel undergoes uncertainties, then
1
the power of each user can be reduced by the factor of
.

2

where, 𝑫𝓚 is the diagonal matrix with 1 + 𝜌(1 − 𝛼)‖𝑓𝒦𝑖 ‖ for
𝑖 = 1 … … … 𝑁 at its diagonal entries. Equation (14) can be
decomposed and the capacity for every selected can be
computed as
𝐶(𝑯𝒏+𝟏 ) = 𝐶(𝑯𝒏 ) + log 2 (1 +

√Nr

Another way to reduce the power consumption in massive
MIMO systems is by using low-resolution ADCs. After the
antenna selection, real and imaginary components of the
received signal 𝒓𝓚 𝒊 are quantized at the ADC pairs for analytical
tractability. The Quantized signal can be represented as
𝒚 = 𝑄(𝑅𝑒 {𝒓𝓚 }) + 𝑗𝑄(𝐼𝑚 {𝒓𝓚 })
(10)

= 𝛼√𝜌𝑯𝓚 𝒔 + 𝛼𝒏𝓚 + 𝒒

Where, Q denotes the element wise quantization function, 𝛼 =
1 − 𝛽 is the quantization gain and 𝛽 being the normalized mean
2

square quantization error given as 𝛽 =

𝐸{|𝒚𝒊 −𝒚𝒒𝒊 | }
𝐸{‖𝒚𝒊 ‖2 }

.

𝑞 represents additive quantization noise vector that follows as
the complex Gaussian distribution with 𝐶𝒩 (0, 𝑹𝒒𝒒 ). The
covariance matrix 𝑹𝒒𝒒 is written as
𝑹𝒒𝒒 = 𝛼(1 − 𝛼) 𝑑𝑖𝑎𝑔{𝜌𝑯𝓚 𝑯𝓚 𝐻 + 𝑰}

(11)

IV. PROPOSED SCHEME FOR ANTENNA SELECTION
In this section we propose an antenna selection algorithm
and also a sophisticated method to determine the optimal
number of antennas to be selected is presented. We consider a
capacity maximization problem and draw a solution that
enhances the capacity for the channel matrix. We formulate the
antenna selection problem as to first determine the optimal
number of antennas to be selected that maximizes the capacity
and then antenna selection vector describing the indices of N
antennas selected out of Nr . We employ the generalized spatial
modulation (GSM) scheme to determine the optimal number of
antennas. The net achievable rate in GSM is given as in (12)
R = [log 2 ((NXr ) + X log 2 M)]
(12)
Where M is the M-ary modulation bits. The number of antennas
to be selected is found as the value of X for which the
achievable rate described in (12) is maximum.
N = argmax (R)

(13)

X ⊂{1……Nr }

(15)

Where
𝐻
𝑐𝒦(𝑛+1),𝑛 = 𝑓𝒦(𝑛+1)
(1 + 𝜌𝛼𝑯𝒏 H 𝑫𝒏

−1

𝑯𝒏 )

−1

𝑓𝒦(𝑛+1)

𝒇H𝓚(𝒏+𝟏) denotes the (𝑛 + 1)𝑡ℎ selected row of 𝑯.
To maximize 𝐶(𝑯𝒏+𝟏 ), any antenna 𝑗 among N (number of
antennas to be selected) out of Nr is selected such that it
maximizes 𝑐𝑗,𝑛 . Accordingly the antenna selection algorithm is
illustrated as

______________________________________________
Algorithm: Capacity based Quantization aware antenna
selection (QAS)
__________________________________________________
1. Initialize 𝒯 = {1 … … … Nr } and Q = 𝐼.
2. Compute number of antennas (X = N) to be selected.
a. Initialize antenna gain and compute penalty:
2
2
b. 𝑐𝑗 = ‖𝑓𝑗 ‖ and 𝑑𝑗 = 1 + 𝜌(1 − 𝛼)‖𝒇𝓚𝒊 ‖
for 𝑗 ∈ 𝒯.
3. Select antenna 𝒋 such that 𝑗 = argmax 𝐶(𝑯𝒏+𝟏 ).
𝑐𝑗,𝑛

4.

a. Update the candidate set: 𝒯 = 𝒯\{𝑗}.
Go to step 3 and repeat until N antennas are selected.
V. RESULTS AND DISCUSSION

Figure 2 depicts the performance of power scaling analysis
for massive MIMO receivers presented in this work. With
perfect CSI while 10 users being served simultaneously in the
uplink assuming pilot transmit power 10dB each, a constant rate
1
can be maintained even when the transmit power is scaled as .
Nr

Hence, the power of each user can decrease inversely
proportional to the number of antennas at the BS. Furthermore,
the power of the desired signal rises Nr times the multi-user
interference added with noise, and as Nr becomes very large the
channel vectors of the users become pairwise orthogonal and
this completely defeats the multi-user interference using the
simple low complexity matched filter. It is noticed that the
1
power scaling in imperfect CSI cannot be
because of the
Nr

Here, we propose a novel antenna selection scheme based on the
capacity maximization approach presented in [17]. The capacity
for the channel matrix 𝑯𝓚 is written as
𝐶(𝑯𝓚 ) = log 2 |𝑰 + 𝜌𝛼𝑫𝓚 −1 𝑯𝓚 𝑯𝓚 H |

𝜌𝛼
𝑐
, 𝑛)
𝑑𝒦(𝑛+1) 𝒦(𝑛+1)

(14)

transmit power decreases and CSI estimation error increases as
Nr
, thus it is further examined and noted as the
ρ*number of users

consistency in sum-rate can be achieved if the power scaling is
1
done as
as depicted in Fig.3.
√Nr
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Number of RF chains= Nr
Number of RF chains< Nr .

but

at

some

TABLE I
OPTIMUM NUMBER OF RF CHAINS TO BE USED

Number of Antennas (𝑵𝒓 )
16
32
48
64
96
128
256
Fig. 2. Power scaling in massive MIMO with perfect CSI

Optimum Number of
RF chains
14
27
40
52
78
104
206

In Fig.5, the investigation on capacity versus SNR is
presented for a mmWave system model equipped with 32
antennas at BS and 8 RF chains, a mmWave sparse channel
having the sparsity level of 8 and with 6 data streams being
simultaneously transmitted. It is noticed that HBF scheme
outperforms the conventional MIMO adopting digital
beamforming.

Fig. 3. Power scaling in massive MIMO with imperfect CSI

Fig. 5. Performance of HBF for reduced number of RF chains

Fig. 4. Achievable rate versus number of RF chains in GSM

The achievable rate versus the number of RF chains for a
given Nr shows very interesting behavior in Fig.4. For a given
N𝑟 , there is an optimum number of RF chains that maximizes
the achievable rate R as depicted in Table I. It is interesting to
see that the maximum 𝑅 does not necessarily occur at

Figure 6 describes the evaluation of the proposed QAS
algorithm as compared to the conventional antenna selection
algorithm in [30]. It presents a similar performance to the
optimal selection case under a precise quantization assumption.
We also cover a random selection case for a reference. The
Rayleigh channel with a zero mean and unit variance is
considered, the log-distance path loss model in [30] is being
adopted, 8 users are assumed to be randomly distributed over a
single cell with minimum and maximum distance between BS
and users being 20 meters and 100 meters respectively. The
carrier frequency of 28 GHz and a bandwidth of 200 MHz is
assumed. 256 antennas at BS, 52 RF chains and ADCs with 3
quantization bits are used in the simulation. It is observed that
the capacity achieved by the proposed method is better than the
conventional antenna selection and random antenna selection
methods.
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encouraging but outperforms the conventional techniques. The
algorithm also executes additional functionality of antenna
selection with appropriate antenna elements. This work has
reduced the demand for power and hardware which is good for
both service providers and environment. Further AI and ML
techniques can be applied to reduce the number of antennas
selected without any compromise on the reception.
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