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Abstract—Recently, Millimeter Wave (mmWave) systems have
emerged as a potential solution for the spectrum secrecy problem
suffered by current wireless technologies. However, practically
implementing such systems is challenging as they suffer from
high hardware complexity and power consumption. Therefore,
analog beamforming is considered the most suitable approach for
practical implementation of such systems, relaxing the hardware
and power consumption requirements compared to full digital
beamforming solution. Moreover, hybrid beamforming solutions
emerged as an attractive solution that can capture the trade-
off between digital and analog ones. In this paper we show
mathematically that in pure Line of Sight (LoS) channels, using
hybrid beamforming with Zero Forcing (ZF) at the baseband can
achieve equivalent Spectral Efficiency (SE) compared to the full
digital ZF precoding, with lower hardware complexity, and lower
power consumption. Moreover, we validate the equivalence in SE
performance between hybrid ZF and digital ZF by simulation
results.

Index Terms—Millimeter Wave (mmWave), Hybrid Beam-
forming, Multi user MIMO, Zero Forcing (ZF)

I. INTRODUCTION

The growing demand for higher achievable data rates and
Energy Efficiency (EE) imposes a lot of challenges for the
fifth generation of mobile networks [1]. In order to satisfy
such demands the combination of Millimeter Wave (mmWave)
systems and Massive MIMO became mandatory. Unleashing
the high antenna array gains of Massive MIMO together with
the high band-width at mmWaves, the data rates and EE can
be enhanced significantly [2] [3].

However, achieving such gains of mmWave Massive MIMO
systems is not straightforward, and opposed by many chal-
lenges. The most significant challenges can be summarized as
follows:

• Hardware Complexity: In order to unleash the full gains
of massive MIMO a dedicated Radio Frequency (RF)
chain and mixed analog digital device are needed per
antenna element in order to apply digital beamforming.
Moreover, these elements are expensive and complex in
mmWave frequencies [4].

• Power Consumption: Again, in order to apply digi-
tal beamforming at massive MIMO a lot of hardware
components need to be installed at the transmitter and
the receiver as aforementioned. Moreover, RF chains
and mixed analog digital devices are power hungry at
mmWave frequencies compared to microwave ones [5].

• Propagation Channel: At high frequencies the propaga-
tion channel is sparse and Line of Sight (LoS) dominated
[6]. This, results in high path-loss, high sensitivity to
blockage and tendency for high spatial correlation be-
tween closely spaced User Terminals (UTs)[7].

Motivated by the aforementioned challenges, analog beam-
forming has been proposed as a practical solution for mmWave
massive MIMO systems. Utilizing the massive array gain of
massive MIMO to overcome the severe path loss suffered
by the mmWave propagation channel, analog beamforming
was proposed as potential candidate for mmWave systems.
In this case the link budget was considered more important
compared to the SE gain offered by full digital beamform-
ing (since the spectrum is not scarce anymore in mmWave
frequenciess). Also, analog beamforming has low hardware
and power consumption requirements (only one RF chain and
mixed analog digital device is needed per transmitter/receiver),
therefore favourable in terms of hardware complexity and
power consumption compared to digital beamforming [8], [9].

However, recently Hybrid Beamforming (HBF) has
emerged as a potential candidate for mmWave massive MIMO
systems through striking a trade-off between digital and ana-
log beamforming techniques. HBF can offer a flexible choice
of the number of RF chains, therefore, leveraging a part of
the multiplexing gain offered by digital beamforming and
allowing for Multi User (MU) MIMO scenarios. Moreover,
given the fact that in HBF the number of RF chains and mixed
analog digital devices is much lower compared to the number
of transmit/receive antennas, HBF is considered a hardware
and power efficient beamforming solution [10]–[12].

Recent work in the literature [11], [12] showed that the SE
performance gap between digital beamforming and HBF is
minimal with small number of RF chains used in massive
MIMO transmitters/receivers. This is due to the fact that
mmWave channels are sparse, henceforth a few RF chains
can be enough for having full access to the channel dominant
paths. Moreover, in [13]–[15], it was shown that HBF can
achieve the same SE as digital beamforming in case one of
these conditions is met:

• In wide band system with analog network consisting
of phase shifters together with variable gain ampli-
fiers: if the number of RF chains is not smaller than
min(NBS , NS,sub), where NBS is the number of anten-
nas at the Base Station (BS) and NS,sub) is the total



number of data streams over all sub-carriers [13], [14].
• In wide band system with analog network consisting

of phase shifters only: if R RF chains are used and
2R(NBS − R + 1) phase shifters are used, where
R ≤ NBS is the rank of the combined digital precoder
matrices of all sub-carriers [15].

• In narrow band system with analog network consisting
of phase shifters together with variable gain amplifiers:
if the number of data streams NS is less than or equal
the number of RF chains NRF (NS ≤ NRF ) [13], [14].

• In narrow band system with analog network consisting of
phase shifters only: if the number of Rf chains is greater
than or equal double the number of the data streams
NRF ≥ 2NS [13], [14].

In this paper, we show that for HBF based on Zero Forcing
(ZF) digital layer and an analog beamforming network of
phase shifters only; it can achieve the same SE performance
of the digital beamforming in pure LoS channels with only
NRF ≥ NS in narrowband instead of the NRF ≥ 2NS
in the literature. This can be achieved through adjusting the
phases in the analog domain as will be shown later in details.
Therefore, this paper can be considered considerable asset for
the hardware and energy efficiency application of ZF in highly
LoS channels. Throughout the paper, we provide mathematical
analysis for our proposition and validate them with simulation
results.

II. SYSTEM AND CHANNEL MODEL

In this paper we consider a narrowband downlink channel
scenario, where the BS is equipped with multiple transmit
antennas NBS serving K UTs each equipped with a single
receive antenna. Henceforth, the system tackled in this paper
is a downlink MU Multiple Input Single Output (MISO) -
Orthogonal Frequency Division Multiplexing (OFDM). The
NBS antennas are deployed in a Uniform Linear Array (ULA)
architecture. At the transmitter (BS) side the beamforming
is applied, while at the receiver side (UT) no combining is
applied as it has only a single receive antenna, and is limited
to be served by a single stream.

The streams received by the K UTs r =
[R1, R2, ..., RK ]T ∈ CK×1 can be denoted as follows:

r = Hx+ n (1)

where the independent and identically distributed (i.i.d.)
Additive White Gaussian Noise(AWGN) vector is expressed
as n = [N1, N2, ..., NK ]T ∈ CK×1 such that n ∼ N (0, σ2),
and σ2 is the noise variance. The MU MIMO channel matrix
between the the NBS transmit antennas and the K single
receive antenna UTs is denoted as H ∈ CK×NBS . Finally,
x = [X1, X2, ..., XNBS

]T ∈ CNBS×1 is a vector that denotes
the transmitted symbols at the BS after applying the beam-
forming and is expressed as:

x = Fs (2)

where F = [f1, f2, ..., fK ]T is the beamforming matrix
which can be fully digital or hybrid and will be described

later. Finally, the vector of the transmitted symbols before
beamforming is represented as s = [S1, S2, ..., SK ]T ∈ CK×1.

In this paper we utilize the sparse channel model adopted
in most of the mmWave MIMO literature [12], [16]. This
model abstracts the channel by a limited number of scatterers.
Moreover, in this model each scatterer (cluster) is assumed to
contribute by a single propagation ray. Therefore, for each UT
k, the propagation channel vector hk can be represented as:

hk =

√
NBS
Pk

Pk∑
p=1

αk,pa
H
t (φk,p) (3)

where αk,p denotes the complex amplitude of the pth

propagation path for UT k, given that Pk represents the total
number of paths for UT k. The channel complex values α
are independent and identically distributed (i.i.d) complex
Gaussian α ∼ CN (0, 1). φk,p represents the Angle of De-
parture (AoD) for each path p for UT k and is assumed to be
uniformly distributed in the interval [0, 2π].
at(φk,p) denotes the transmit array steering vector, since

we deploy ULA array at the BS, the steering vector at(φk,p)
is expressed as:

at(φk,p) =
1√
NBS

[1, ejζ(φk,p), ..., ej(NBS−1)ζ(φk,p)]T (4)

such that ζ(φk,p) is expressed as:

ζ(φk,p) =
2π

λ
d sin(φk,p) (5)

where λ is the signal’s wavelength and d denotes the
inter-element antenna spacing. The MU channel matrix H ∈
CK×NBS is expressed as

H = [hT1 ,h
T
2 , ...,h

T
K ]T (6)

In this paper, we consider a pure LoS scenario (Pk =
1,∀K), which is a fairly acceptable assumption for mmWave
channels at high frequences. This consideration is taken, since
in this case the HBF with ZF can achieve the same SE
as digital beamforming for narrowband systems with phase
shifters only in the analog domain. This can be achieved
given some phase adjustments in the analog domain under the
condition NRF ≥ NS instead of NRF ≥ 2NS in the literature
[14], [17]. Therefore, substituting Pk = 1 in Equation (3), the
pure LoS channel for each UT k can be expressed as:

hk =
√
NBS αka

H
t (φk) (7)

III. BEAMFORMING SCENARIOS

In this section the beamforming strategies adopted in the
paper, which are the fully digital ZF, the hybrid ZF and
the analog LoS beamsteering, are detailed. Moreover, we
show by mathematical analysis how both hybrid ZF and fully
digital one achieve the same SE when the phases of HBF
are efficiently manipulated using the LoS beamsteering in the
analog domain.



A. Analog Beamsteering for LoS Channel

This approach is the most classic analog beamforming,
specifically for LoS dominant environments such as mmWave
environments [12]. In this approach the analog beam is steered
towards the channel path with the highest power (LoS path).

Thus, the knowledge of the LoS AoD φk,pLoS
is only re-

quired for calculating the LoS beamsteering vector as follows:

fLoS = at(φpLoS
) (8)

B. Hybrid Beamforming

Here the hybrid beamforming architecture is introduced in
order to extend the previously proposed analog beamforming
algorithm for multiplexing and SE gains. Throughout the
paper, the RF and Base Band (BB) architectures are decoupled
as in [12]. Then the equivalent channel for each UT k, ĥk is
formed before the digital processing layer as follows:

ĥk = hkFRF , (9)

such that, hk ∈ C1×NBS , ĥk ∈ C1×NRF and FRF ∈
CNBS×NRF represents the analog beamforming matrix and
is computed as:

FRF = [fRF,1, ..., fRF,K ] (10)

such that fRF,k is the analog beamforming vector for UT k
and is chosen throughout this paper as the LoS beamsteering
analog beamformer as follows: fRF,k = fLoS,k.

Then the total virtual channel for the K UTs Ĥ is repre-
sented as:

Ĥ = [ĥT1 , ..., ĥ
T
K ] (11)

Finally, we utilize the ZF digital precoding to suppress
the inter-user interference. Hence, the digital beamformer is
calculated as follows:

W = ĤH(ĤĤH)−1 (12)

Then, the digital beamformer is normalized to satisfy the
total power constraint. As illustrated in the literature [18],
[19], ZF can be normalized using two different methods
namely Vector Normalization (VN) and Matrix Normalization
(MN). It is shown in [19], that VN has always superior
performance over MN in terms of SE. Therefore, throughout
the paper we will use VN for ZF normalization in HBF and
full digital beamforming. Therefore applying the VN on the
digital beamforming part W of the hybrid beamformer FHBF ,
then the per stream digital beamformer wk for each UT k is
expressed as follows:

wk =
wk

‖fHBFk ‖
=

wk

‖FRFwk‖
(13)

where fHBFk is the hybrid beamforming vector for UT k.
The calculation of the hybrid beamformer FHBF = FRFW
is summarized in Algorithm (1).

Algorithm 1 Two Stage Decoupled RSM Hybrid Beamform-
ing
1) Fisrt Stage: RF Analog Beamforming such that

FRF = [fRF,1, ..., fRF,K ]
fRF,k is chosen as fLoS,k
2) Calculate the equivalent channel Ĥ as:

Ĥ = [ĥT1 , ..., ĥ
T
K ]

ĥk = hkFRF , (hk ∈ C1×NBS ,FRF ∈ CNBS×NRF , ĥk ∈
C1×NRF )
3) Second Stage: Digital Precoding such that
W can be chosen as any Base Band (BB) technique. Here
we choose ZF, hence W = WZF

4) Here the digital beamforming W is applied on the
equivalent channel He instead of the propagation channel H.
Hence, replacing H by He, the beamformer is calculated as:

WZF = HH
e (HeH

H
e )−1

5) The digital beamformer column vectors are normalized
to satisfy the total power constraint as follows wk = wk

‖FRFwk‖

6) Finally the hybrid beamformer is calculated as:
FHBF = FRFWZF

C. Digital Beamforming

In this case the digital beamforming ZF matrix FZF is cal-
culated directly from the propagation channel H ∈ CK×NBS

as follows:

FZF = HH(HHH)−1 (14)

Then, VN is applied per beamforming vector fZFk as
follows:

fZFk =
fZFk
‖fZFk ‖

(15)

D. Spectral Efficiency Analysis

The instantaneous per stream SEk is well known to be
expressed as follows:

SEk = log2(1 + SINRk) (16)

given the fact that the instantaneous Signal to Interference
and Noise Ratio (SINR) for UT k in case fully digital ZF
beamforming is applied, is expressed as follows [7], [19]:

SINRZFk =
β

‖fZFk ‖
2 (17)

where β is the transmit Signal to Noise Ratio (SNR).
According to ([19]), ‖fZFk ‖

2 can be represented as:

‖fZFk ‖
2
= ((HHH)−1)k,k (18)

substituting Equation (18) in (17), then SINRZFk is ex-
pressed as

SINRZFk =
β

((HHH)−1)k,k
(19)
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Figure 1: The fully digital beamforming architecture.

Similarly, in case HBF with ZF digital layer is applied, the
SINR for UT k is expressed as follows:

SINRHBFk =
β

‖fHBFk ‖2
(20)

where ‖fHBFk ‖2 can be expressed as:

‖fHBFk ‖2 = ‖FRFwk‖2 = (FRFwk)
H(FRFwk) (21)

since (FRFW)H can be expressed as

(FRFW)H = (FHRFH
H(HFRFF

H
RFH

H)−1)HFHRF

= ((HFRF )
−1)HFHRF = (HH)−1

(22)

similarly (FRFW) can be expressed as

(FRFW) = FRFF
H
RFH

H(HFRFF
H
RFH

H)−1

= FRF (HFRF )
−1 = (H)−1

(23)

From Equations (22) and (23), Equation (21) can be refor-
mulated as follows:

‖fHBFk ‖2 = ((HH)−1(H)−1)k,k = ((HHH)−1)k,k (24)

substituting Equation (24) in (20), then SINRHBFk is ex-
pressed as

SINRHBFk =
β

((HHH)−1)k,k
(25)

Therefore from Equations (19) and (25) we prove that both
fully digital ZF and HBF based on ZF achieve the same SE
in pure LoS channels. This is valid as long the the number
of RF chains is at least equal to the number of data streams
NS . Hence achieving the same SE of ZF digital beamforming
with massive complexity and power consumption reduction.
In this paper the total number of data streams NS is equal
to the number of UTs K, since each UT has a single receive
antenna and thus served by a single stream.

IV. HARDWARE AND POWER CONSUMPTION MODEL

In this section, we describe the hardware architecture of the
two systems introduced in this paper with are the fully digital
ZF and the HBF ZF. Moreover, power realistic consumption
models in [20] are used for both systems.

DAC RF Chain

DAC RF Chain

NRF

 Fully Connected phase shifters

Analog 
Beamforming

Digital
Precoding

W

FRF

NBS

NS

Figure 2: The fully connected HBF architecture.

Table I: Hardware Complexity Comparison

Component Digital Beamforming HBF

Power Amplifier 1 1

Phase Shifter 0 NRFNBS

Local Oscillator 1 1

RF Chain NBS NRF

DAC NBS NRF

A. Hardware Architectures

As aforementioned in this paper, we consider two hardware
architectures, namely the fully digital beamforming archi-
tecture illustrated in Figure 1 and the fully connected HBF
illustrated in Figure 2.

Given the fact that both architectures achieve the same SE
in case ZF is used in the digital layer (baseband) in pure LoS
channels as previously proved, our aim here is to evaluate
the hardware efficiency for both architectures. The hardware
efficiency can be seen as the achieved SE relative to the
number of hardware complex components needed. In our case,
since both achieve the same SE, the hardware efficiency is
inversely proportional to the number of complex components
needed.

Therefore, from both Figures 1 and 2, the number of
hardware elements for each architecture can be deduced. We
summarize the hardware complexity for both architectures in
Table I.

Given that in massive MIMO the number of transmit anten-
nas NBS is much larger than the number of UTs NBS >> K,
and given that in our HBF we utilize RF chains equal to the
number of data streams because we already proven that for
NRF > NS no further SE gain will be achieved compared
to NRF = NS in case ZF digital processing is applied in
LoS channel. Also, in our case the number of streams NS is
equal to the number of UTs K, since each UT is served by a
single stream. Therefore, to sum up, in fully connected HBF
architecture we have NRF = NS = K << NBS while in
fully digital one we have NRF = NBS >> K. Henceforth,
we can conclude that HBF is much more hardware efficient
in our scenario due to the massive reduction in the number of
required DACs and RF chains compared to the fully digital
one.



Table II: Power Consumption of the Analog Components [20]

Component Value

Power Amplifier (PPA) Pt
η
, η = 27%

Phase Shifter (PPS ) for bPS = 4, 21.6 mW

Local Oscillator (PLO) 22.5 mW

90 deg hybrid with buffers (PH ) 3 mW

Mixer (PM ) 0.3 mW

Low Pass Filter (PLP ) 14 mW

RF Chain (PRF ) 31.6 mW

DAC (PDAC ) Equation (28)

B. Power Consumption Models

First we start by defining the power consumption per RF
chain PRF as follows:

PRF = 2PLP + 2PM + PH (26)

where PLP , PM and PH represent the power consumption
by the low pass filter, the mixer, and the 90 deg hybrid
respectively.

The power consumption for the full digital ZF can be
defined as:

PD = PLO + PPA +NBS(2PDAC + PRF ) (27)

where PLO is is the power consumption of the local oscil-
lator, PPA is the power consumption of the power amplifier
which is calculated as PPA = Pt

η where Pt is the transmit
power and η is the power amplifier efficiency. Finally PDAC
is the power consumption at the Digital to Analog Converter
(DAC) and is represented as:

PDAC = 1.5(10−5)(2bDAC ) + 9(10−12)(bDAC)(Fs) (28)

where bDAC and Fs denote the number of bits of resolution
of the DAC and its sampling rate in Hertz respectively.

Moving the HBF architecture with fully connected phase
shifters, the power consumption in this case is represented as:

PHBF = PLO+PPA+NRF (2PDAC+PRF )+NBSNRFPPS
(29)

where PPS is the power consumed by the phase shifter and
it depends on the number of resolution bits bPS .

Typical values for all the aforementioned terms in mmWave
regime are summarized in Table II according to [20].

V. SIMULATION RESULTS

In this section, we validate our SE analysis for both fully
digital ZF and HBF based on ZF digital layer in pure LoS
channel. Moreover, we compare between both architectures
in terms of EE, together with the HBF architecture with the
constraint NRF = 2NS = 2K provided in the literature [13],

SNR (dB)

-10 -5 0 5 10 15 20

S
p
e
c
tr

a
l 
E

ff
ic

ie
n
c
y
 (

b
p
s
/H

z
)

0

5

10

15

20

25

30

35

40

45

Fully Digital ZF

Proposed HBF

Quantized proposed HBF b
PS

 = 4 bits

HBF [13,14]

N
BS

=64, K=2

N
BS

=64, K=4

N
BS

=128, K=4

Figure 3: SE comparison for the proposed beamforming
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Figure 4: Transmitter power consumption comparison for the
proposed beamforming architectures for different NBS and
K.

[14]. The transmit antenna array is ULA with half wavelength
spacing, and the number of transmit RF chains NRf equals the
number of transmit antennas in case of fully digital scenaro
NZF
RF = NBS , and equals to the number of UTs in our

proposed HBF scenario NHBF,1
RF = K. On the other hand,

NHBF,2
RF = 2K characterizes the HBF architecture in [13],

[14]. The simulations are done in Monte Carlo fashion with
1000 realizations. Finally, perfect Channel State Information
at the Transmitter (CSIT) is assumed.

In Figure 3 we validate our SE analysis by comparing the
SE of the proposed HBF architecture that has the condition
NRF = K, with the fully digital architecture (NRF = NBS)
and the HBF in [14], [17] that has the condition NRF = 2K.
We can observe that for different simulation setups (different
K and NBS), all the beamforming architectures achieve
exactly the same SE. Thus, highlighting the privilege of our
proposed HBF architecture for ZF baseband processing in
LoS channels. Moreover, in order to have realistic insights we



consider quantized phase shifters (bPS). It is shown in Figure
3, that even with this coarse 4 bits phase quantization, the SE
degradation is negligible compared to using infinite resolution
phase shifters when the number of transmit antennas NBS is
sufficiently high.

In Figure 4 we compare the total power consumption at the
transmitter for all the introduced architectures as a measure
of the EE. Since all the introduced architectures achieve the
same SE, the EE can be directly seen as the inverse of the
power consumption. We can observe that our proposed HBF
architecture is the most energy efficient compared to the fully
digital and HBF architecture proposed in [14].

VI. CONCLUSION

In this paper, we provided a hardware, energy and spectral
efficient hybrid beamforming architecture for zero forcing
in LoS channels. We showed by mathematical analysis and
validated with simulation results that using the proposed
hybrid beamforming architecture can achieve the same SE as
the fully digital ZF which requires high hardware complexity
and power consumption in mmWave massive MIMO systems.
Moreover, we relaxed the constraint of equity between hybrid
beamforming and fully digital one in the literature to simply
having number of RF chains equal to the number of data
streams for our proposed scenario.
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