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Optimal Design of Wideband mmWave LoS MIMO Systems Using
Hybrid Arrays with Beam Squint∗

Yongpeng HU†, Hang LI†a), J. Andrew ZHANG††, Xiaojing HUANG††, and Zhiqun CHENG†, Nonmembers

SUMMARY Analog beamforming with broadband large-scale antenna
arrays in millimeter wave (mmWave) multiple input multiple output
(MIMO) systems faces the beam squint problem. In this paper, we first
investigate the sensitivity of analog beamforming to subarray spatial sepa-
rations in wideband mmWave systems using hybrid arrays, and propose opti-
mized subarray separations. We then design improved analog beamforming
after phase compensation based on Zadoff-Chu (ZC) sequence to flatten the
frequency response of radio frequency (RF) equivalent channel. Consider-
ing a single-carrier frequency-domain equalization (SC-FDE) scheme at the
receiver, we derive low-complexity linear zero-forcing (ZF) and minimum
mean squared error (MMSE) equalizers in terms of output signal-to-noise
ratio (SNR) after equalization. Simulation results show that the improved
analog beamforming can effectively remove frequency-selective deep fad-
ing caused by beam squint, and achieve better bit-error-rate performance
compared with the conventional analog beamforming.
key words: mmWave, LoS MIMO, hybrid arrays, beam squint, SC-FDE

1. Introduction

With the explosive growth in mobile data usage, pursuing
higher spectral efficiency and reliability has become the main
theme of future wireless communication system design [1].
Currently, the microwave resource in low frequency bands is
in short supply, and cannot provide more bandwidth for high-
speed communications. Therefore, more attention is turned
to the millimeter wave (mmWave) with higher frequency,
which is an effective way to solve the shortage of spectrum
resource [2], [3]. It is proved that the existing point-to-point
mmWave communication systems can achieve multigigabit
data rates at a distance of up to a few kilometers [4]. However,
its propagation characteristics of large path loss, significant
attenuation and poor diffraction penetration limit the trans-
mission capacity.

Thanks to the short wavelength of mmWave, more an-
tenna elements can be deployed in the limited space. This
practically allows massive multiple input multiple output
(MIMO) to overcome the path loss through beamforming
with high accuracy and gain [5]. Also, massive MIMO with
multiple radio frequency (RF) chains enables spatial multi-

†The authors are with the School of Electronics and Informa-
tion, Hangzhou Dianzi University, Hangzhou 310018, China.

††The authors are with The Global Big Data Technologies Cen-
tre, University of Technology Sydney, Sydney 2007, Australia.

∗This work is supported by National Key R&D Program of
China (Grant:2018YFE0207500), National Natural Science Foun-
dation (Grant 62071163), Zhejiang Provincial Natural Science
Foundation (Grant LY22F010003) and Project of Ministry of Sci-
ence and Technology (Grant D20011).

a) E-mail: hangli@hdu.edu.cn
DOI: 10.1587/transcom.E0.B.1

plexing with multistream transmission for high spectral effi-
ciency, and adaptation of radiation patterns for beam gains
via adaptive beamforming using antenna arrays [6], [7]. As
a result, it is becoming increasingly attractive to consider
mmWave MIMO communications as an alternative for the
emerging 6G communications. The full-digital array struc-
ture is generally used in traditional low frequency MIMO
systems with a small number of antennas, while analog-
digital hybrid arrays are mostly adopted for mmWave mas-
sive MIMO systems [8]. Although the former is seamlessly
compatible with conventional MIMO and able to achieve
the optimal performance in terms of transmission rate, its
implementation for large-scale antenna arrays would incur
prohibitive cost. On the other hand, hybrid arrays turn out to
be a cost-efficient and feasible solution [9]. It can not only
effectively provide sufficient power and high directivity by
adjusting the phases of signals, but also realize spatial mul-
tiplexing and multi-user MIMO using multiple RF chains
[10], [11].

MmWave channels are commonly featured by sparse
scattering, and thus seem to be opposed to conventional spa-
tial multiplexing. Generally, the line-of-sight (LoS) com-
ponent dominates in a typical mmWave propagation envi-
ronment, leading to the MIMO channel matrix with a high
possibility of insufficient rank. However, it has been proved
that a high-rank channel matrix and full spatial multiplexing
gain can be achieved in a pure LoS environment using an ap-
propriately designed array [12]. Relevant works in [13]-[15]
were proposed to optimize spatial multiplexing and mutual
information by solving the orthogonal relationship of the
channel matrix for uniform linear array (ULA), uniform cir-
cular array and uniform planar array, respectively. It is found
that the optimal performance can be obtained only when the
system parameters satisfy the Rayleigh distance criterion.
In general, it refers to the condition that the communica-
tion distance 𝑅 between the transmitter (Tx) and the receiver
(Rx) should be equal to or less than the so-called Rayleigh
distance, i.e., 𝑅 ≤ 𝑉𝑆𝑡𝑆𝑟 cos 𝜃/𝜆, where 𝑆𝑡𝑆𝑟 is the an-
tenna separation product, 𝜆 is the carrier wavelength, 𝑉 is
the maximum number of antennas of the Tx and Rx, and 𝜃
is the angle of local spherical coordinate system at the Rx.
Besides, the optimal subarray separation design for hybrid
arrays was studied to meet Rayleigh distance criterion in
[16]. The existing research on Rayleigh distance criterion
mainly focuses on narrowband systems. For wideband sys-
tems with a relatively large bandwidth, different signal fre-
quencies (wavelengths) will impact on the Rayleigh distance

Copyright © 200x The Institute of Electronics, Information and Communication Engineers



2
IEICE TRANS. COMMUN., VOL.Exx–??, NO.xx XXXX 200x

criterion thus the optimal design for arrays. The relevant
work is few, but it is important and deserves further investi-
gation.

With the increase of bandwidth and array size, the prop-
agation delay across different antennas becomes non negli-
gible, which is called spatial wideband effect and causes
beam squint in frequency-domain [17]. Essentially, beam
squint means that the beam direction varies with frequency,
leading to the frequency dependent channel. There are some
existing literature referring the beam squint issue. The true
time delay (TTD) lines provide a programmable true time
delay by introducing the varying phases over frequencies,
and can perfectly mitigate beam squint [18]. However, due
to the high implementation cost and power consumption, it’s
impractical to apply TTD lines to resolve beam squint in
mmWave communication systems. A phased array code-
book is designed to enhance the minimum array gain of all
subcarriers in wideband systems [19]. In [20], an advanced
analog beamforming method for phased arrays is used to
eliminate frequency-selective deep fading in the RF equiv-
alent channel. In [21], a subarray is divided into several
smaller subarrays, and their phases are separately compen-
sated to reduce the beam squint effect. An array structure
with a few TTD lines is proposed to achieve near optimal per-
formance under the premise of controllable power consump-
tion and complexity. In [22], beam squint is alleviated by
adding a well-designed spatial dimension frequency modu-
lation waveform to the phase shifter. All the aforementioned
existing works are limited to specific scenarios or with high
complexity, and do not consider beam squint in mmWave
LoS MIMO systems using hybrid arrays.

In order to optimize the system spectral efficiency, we
investigate the effect of frequency-dependency on subarray
separation design based on Rayleigh distance criterion in
wideband mmWave LoS MIMO systems using hybrid ar-
rays in this paper. It is shown that the subarray separations
designed under the carrier frequency can achieve the max-
imum spectral effciency. With the optimal subarray sep-
arations, we then analyze the influence of beam squint on
RF equivalent channel, which illustrates that beam squint
can cause frequency-selective deep fading and thus seri-
ous loss with the increasing bandwidth and array size. To
reduce the adverse impact of beam squint, we design the
phase shifter values for the improved analog beamforming
by multiplying a Zadoff-Chu (ZC) sequence to the phase
shifters of the conventional beamforming for each subar-
ray, which can availably smooth the frequency-domain re-
sponse of the RF equivalent channel. With the improved
analog beamforming, we analyze the equalization perfor-
mance in term of output signal-to-noise ratio (SNR) after
equalization using zero-forcing (ZF) and minimum mean
squared error (MMSE) based equalizers in a single-carrier
frequency-domain equalization (SC-FDE) system. Simu-
lation results show that the improved analog beamforming
can effectively mitigate frequency-selective deep fading and
inter-symbol interference (ISI) for wideband mmWave LoS
MIMO systems using hybrid arrays integrated with the SC-

FDE scheme, achieving superior bit-error-rate (BER) per-
formance to conventional beamforming.

The rest of this paper is organized as follows. Section
2 introduces the signal and channel models. In section 3, we
explore the optimal design of subarray separations in wide-
band systems. Section 4 analyzes the beam squint effect
and presents the improved analog beamforming for remov-
ing the frequency-selective deep fading. In section 5, we
present SC-FDE using the improved analog beamforming in
wideband mmWave LoS MIMO systems. Its effectiveness
is demonstrated by simulation results in Section 6. Finally,
Section 7 concludes this paper.

The following notions are used throughout this paper.
A𝑇 and A𝐻 denote the transpose and the conjugate transpose
of matrix A, respectively; CN(0,A) represents the zero-
mean complex Gaussian distribution with covariance matrix
A; |·| denotes the determinant operation; ∥ · ∥ denotes Frobe-
nius norm of matrix A; 𝑑𝑖𝑎𝑔(a) is a matrix whose diagonal
elements are formed by a; 𝐸{·} is the expectation operator; I
is the identity matrix; and ⊙ denotes the Hadamard product.

2. System Model

2.1 Signal Model

A single user wideband mmWave MIMO downlink system
using hybrid array is considered in this paper. As shown
in Fig. 1, the Tx and Rx with partially connected ULA
are equipped with 𝑁 and 𝑀 subarrays, respectively. Each
Tx or Rx subarray has 𝑃 or 𝑄 antenna elements, respec-
tively, and is connected with one RF chain with multiple
phase shifters which are used to implement analog beam-
forming. Due to the limitations of hardware conditions and
signal processing capabilities, users side as a Rx usually
has fewer antennas. Assume a bandwidth of 𝐵 and de-
note the discrete frequency-domain channel response ma-
trix as H[𝑘] ∈ C𝑀𝑄×𝑁𝑃 , where the index 𝑘 represents
a discrete frequency 𝑓𝑘 = 𝑘𝐵

𝐾
− 𝐵

2 , 𝑘 = 0, 1, ..., 𝐾 − 1,
and 𝐾 represents the total number of discrete frequencies.
Without loss of generality, assuming that the number of
data stream 𝑁𝑠 is equal to 𝑁 , the complex output signal
y[𝑘] = [𝑦0 [𝑘], 𝑦1 [𝑘], ..., 𝑦𝑀−1 [𝑘]]𝑇 after analog combin-
ing can be represented as

y[𝑘] = W𝐻H[𝑘]Fx[𝑘] +W𝐻n[𝑘] = H̃[𝑘]x[𝑘] +n[𝑘], (1)

where x[𝑘] ∈ C𝑁×1 and n[𝑘] ∈ C𝑀𝑄×1 denote the
frequency-domain transmitted signal vector and the ad-
ditional white Gaussian noise vector with distribution
CN(0, 𝜎2I𝑀𝑄), respectively, and 𝜎2 is the noise power.
H̃[𝑘] = W𝐻H[𝑘]F denotes the RF equivalent channel,
F ∈ C𝑁𝑃×𝑁 and W ∈ C𝑀𝑄×𝑀 denote the analog pre-
coding matrix and analog combining matrix at the Tx and
Rx, respectively. Specifically, F and W can be expressed as

F = 𝑑𝑖𝑎𝑔(f0, f1, ..., f𝑁−1) (2)

and
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Fig. 1 Antennas layout for subarray structure.

W = 𝑑𝑖𝑎𝑔(w0,w1, ...,w𝑀−1), (3)

respectively, where f𝑛 and w𝑚 are the normalized array fac-
tors of the 𝑛th and 𝑚th array factors of the transmit and
receive subarrays respectively.

Assuming that the channel state information is perfectly
known at the Rx and equal power transmission for each sub-
channel is used, the spectral efficiency of the above described
wideband system is given by [23]

𝑆𝐸 =
1
𝐾

𝐾−1∑︁
𝑘=0

log2

(���I𝑁 + 𝛾

𝑈
H̃𝐻 [𝑘]H̃[𝑘]

���) , (4)

where 𝛾 represents the average subarray SNR after analog
combining at the Rx,𝑈 = min (𝑀, 𝑁).

2.2 Channel Model

Since mmWave channel is mainly determined by a LoS com-
ponent and NLoS components, we use Ricean MIMO chan-
nel model here and the Ricean factor defined as the ratio of
the LoS component power to the NLoS component power.
For ease of analysis, we focus on the pure LoS MIMO chan-
nel hereinafter.

As illustrated in Fig. 1, we assume a pure LoS MIMO
channel and let 𝑆𝑡 and 𝑆𝑟 denote the spacings between adja-
cent subarrays for the Tx and Rx, respectively, meeting the
requirement 𝑑 ≪ 𝑆𝑡 , 𝑆𝑟 ≪ 𝑅where 𝑑 and 𝑅 denote the spac-
ings of adjacent antenna elements and the distance between
the Tx and Rx, respectively. We further assume that the re-
ceived signals between different subarrays follow spherical
wave model, while those within each subarray follow plane
wave model, which are reflected in the distance between a
pair of antenna elements at the Tx and Rx [24]. Therefore,
the channel between the 𝑡th transmit antenna and the 𝑟th re-
ceive antenna, ℎ𝑟 ,𝑡 (𝑟 = 0, 1, ..., 𝑀𝑄−1; 𝑡 = 0, 1, ..., 𝑁𝑃−1),
can be expressed as

ℎ𝑟 ,𝑡 = 𝑒
𝑗2𝜋 𝑓𝑐

𝑙𝑟,𝑡
𝑐 , (5)

where 𝑓𝑐 is the carrier frequency, 𝑐 denotes the speed of light,
and 𝑙𝑟 ,𝑡 represents the distance between the corresponding
antennas at the Tx and Rx given by

𝑙𝑟 ,𝑡 =𝑙
0,0
𝑚,𝑛 + 𝑝𝑑 sin 𝜃𝑇𝑛 − 𝑞𝑑 sin 𝜃𝑅𝑚,
𝑟 = 𝑚𝑄 + 𝑞, 𝑡 = 𝑛𝑃 + 𝑝,

(6)

where 𝜃𝑇𝑛 (𝑛 = 0, 1, ..., 𝑁 − 1) and 𝜃𝑅𝑚 (𝑚 = 0, 1, ..., 𝑀 − 1)
represent the angle of departure (AoD) of the 𝑛th transmit
subarray and the angle of arrival (AoA) of the 𝑚th receive
subarray, respectively. 𝑝 = 0, 1, ..., 𝑃−1 and 𝑞 = 0, 1, ..., 𝑄−
1 represent the antenna index of corresponding subarrays.
𝑙
0,0
𝑚,𝑛 is the distance between the reference elements of the
𝑛th transmit subarray and the 𝑚th receive subarray, and can
be further calculated by [25]

𝑙0,0𝑚,𝑛 = [(𝑧0+𝑚𝑆𝑟 cos 𝜃−𝑛𝑆𝑡 )2+(𝑅+𝑚𝑆𝑟 sin 𝜃 cos 𝜑)2

+ (𝑚𝑆𝑟 sin 𝜃 sin 𝜑)2] 1
2

≈ 𝑅 + 𝑚𝑆𝑟 sin 𝜃 cos 𝜑

+ (𝑚𝑆𝑟 sin 𝜃)2 + (𝑧0 + 𝑚𝑆𝑟 cos 𝜃 − 𝑛𝑆𝑡 )2

2𝑅
,

(7)

where the Mclaughlin approximation formula of (1 + △) 1
2 ≈

1 + △
2 when △ ≪ 1 is used for approximate calculation. As

shown in Fig. 1, 𝜃 and 𝜑 are the angles of the Rx at coordi-
nate system, and 𝑧0 is the original position of the Rx along
the z-axis. Considering a wideband mmWave LoS MIMO
system, the frequency-domain channel response between the
𝑡th transmit antenna and the 𝑟th receive antenna, ℎ𝑟 ,𝑡 [𝑘], is
given by

ℎ𝑟 ,𝑡 [𝑘] = ℎ𝑟 ,𝑡𝑒 𝑗2𝜋 𝑓𝑘
𝑙𝑟,𝑡
𝑐 = 𝑒 𝑗2𝜋 ( 𝑓𝑘+ 𝑓𝑐 )

𝑙𝑟,𝑡
𝑐 . (8)

As a result, the channel matrix H[𝑘] in Eq. (1) can be
represented as

H[𝑘] =


H0,0 [𝑘] · · · H0,𝑁−1 [𝑘]
...

. . .
...

H𝑀−1,0 [𝑘] · · · H𝑀−1,𝑁−1 [𝑘]

 , (9)

where the subchannel matrix

H𝑚,𝑛 [𝑘] = ℎ0,0
𝑚,𝑛 [𝑘]


ℎ̃

0,0
𝑚,𝑛 [𝑘] · · · ℎ̃

0,𝑃−1
𝑚,𝑛 [𝑘]

...
. . .

...

ℎ̃
𝑄−1,0
𝑚,𝑛 [𝑘] · · · ℎ̃

𝑄−1,𝑃−1
𝑚,𝑛 [𝑘]


= ℎ0,0

𝑚,𝑛 [𝑘]a𝑅 (𝑘, 𝜃𝑅𝑚)a𝐻𝑇 (𝑘, 𝜃𝑇𝑛 ),

(10)

ℎ
0,0
𝑚,𝑛 [𝑘] = exp

(
𝑗2𝜋( 𝑓𝑘 + 𝑓𝑐)

𝑙
0,0
𝑚,𝑛

𝑐

)
, and ℎ̃

𝑞,𝑝
𝑚,𝑛 [𝑘] =

exp
(
𝑗2𝜋( 𝑓𝑘 + 𝑓𝑐) 𝑝𝑑 sin 𝜃𝑇𝑛 −𝑞𝑑 sin 𝜃𝑅𝑚

𝑐

)
, a𝑇 (𝑘, 𝜃𝑇𝑛 ) and a𝑅 (𝑘, 𝜃𝑅𝑚)

represent the array response vectors of the 𝑛th transmit sub-
array and the 𝑚th receive subarray, respectively, given by

a𝑇 (𝑘, 𝜃𝑇𝑛 ) =
[
1, exp

(
𝑗2𝜋( 𝑓𝑘 + 𝑓𝑐)

𝑑 sin 𝜃𝑇𝑛
𝑐

)
, ...,

exp
(
𝑗2𝜋( 𝑓𝑘 + 𝑓𝑐) (𝑃 − 1) 𝑑 sin 𝜃𝑇𝑛

𝑐

) ]𝑇 (11)

and

a𝑅 (𝑘, 𝜃𝑅𝑚) =
[
1, exp

(
𝑗2𝜋( 𝑓𝑘 + 𝑓𝑐)

𝑑 sin 𝜃𝑅𝑚
𝑐

)
, ...,

exp
(
𝑗2𝜋( 𝑓𝑘 + 𝑓𝑐) (𝑄 − 1) 𝑑 sin 𝜃𝑅𝑚

𝑐

) ]𝑇
.

(12)
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3. Impact of Subarray Separations on Spectral Effi-
ciency

As stated in [13] and [16], the optimization of an-
tenna/subarray placement is beneficial for the channel capac-
ity in narrowband LoS MIMO systems with digital/hybrid
arrays. When different columns or rows of the channel
matrix satisfy orthogonality, the optimal antenna/subarray
separation product (i.e., 𝑆𝑡𝑆𝑟 =

𝜆𝑐𝑅

𝐷 cos 𝜃 , assuming 𝐷 =

max(𝑀, 𝑁)) can be achieved, thus maximizing the spectral
efficiency. However, due to the large bandwidth in wideband
systems, different frequencies will lead to different subarray
spacing designs. Therefore, we investigate this effect in the
following.

At the frequency index 𝑘 , the optimal subarray sepa-
ration product can be expressed as 𝑆𝑡 [𝑘]𝑆𝑟 [𝑘] =

𝜆𝑘𝑅

𝐷 cos 𝜃 ,
where 𝜆𝑘 = 𝑐

𝑓𝑘+ 𝑓𝑐 . The RF equivalent channel matrix H̃[𝑘]
is given by

H̃[𝑘] = W𝐻H[𝑘]F

=


𝐻0,0 [𝑘] · · · 𝐻0, (𝑁−1) [𝑘]

...
. . .

...

𝐻(𝑀−1) ,0 [𝑘] · · · 𝐻(𝑀−1) , (𝑁−1) [𝑘]

 ,
(13)

where 𝐻𝑚,𝑛 [𝑘] = w𝐻
𝑚H𝑚,𝑛 [𝑘]f𝑛. In this paper, we use

single beam in each subarray. Therefore, the normalized
weight vectors f𝑛 and w𝑚 in Eq. (2) and Eq. (3) are given
by

f𝑛 =
1
√
𝑃

[
1, exp

(
− 𝑗2𝜋 𝑓𝑐

𝑑 sin 𝜃̃𝑇𝑛
𝑐

)
, ...,

exp
(
− 𝑗2𝜋 𝑓𝑐 (𝑃 − 1) 𝑑 sin 𝜃̃𝑇𝑛

𝑐

)]𝑇 (14)

and

w𝑚 =
1
√
𝑄

[
1, exp

(
− 𝑗2𝜋 𝑓𝑐

𝑑 sin 𝜃̃𝑅𝑚
𝑐

)
, ...,

exp
(
− 𝑗2𝜋 𝑓𝑐 (𝑄 − 1) 𝑑 sin 𝜃̃𝑅𝑚

𝑐

)]𝑇
,

(15)

respectively, which enable the main beam to point towards
the direction represented by the angles 𝜃̃𝑇𝑛 and 𝜃̃𝑅𝑚. In
order to investigate the sensitivity of the subarray separa-
tions designed at different frequencies, we set the frequency
index related to a given subarray spacing design as 𝑘1,
𝑘1 = 0, 1, ..., 𝐾 − 1, and obtain

H̃𝐻 [𝑘, 𝑘1]H̃[𝑘, 𝑘1]

= 𝑃𝑄


𝐺0,0 [𝑘, 𝑘1] · · · 𝐺0,𝑁−1 [𝑘, 𝑘1]

...
. . .

...

𝐺𝑁−1,0 [𝑘, 𝑘1] · · · 𝐺𝑁−1,𝑁−1 [𝑘, 𝑘1]

 ,
(16)

where 𝐺𝑛1 ,𝑛2 [𝑘, 𝑘1] =
∑𝑀−1
𝑚=0 exp

(
𝑗 2𝜋
𝜆𝑘

(
𝑙
0,0
𝑚,𝑛2 [𝑘1] −
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Fig. 2 SE versus 𝑓𝑘1 : (a) 𝐵 = 4 GHz and 𝑓𝑐 = 50 GHz, 60 GHz and 70
GHz; (b) 𝑓𝑐 = 60 GHz and 𝐵 = 2 GHz, 4 GHz and 8 GHz. 𝑅 = 100 m,
𝛾 = 0 dB, 𝑁 = 𝑀 = 4, 𝑃 = 128 and 𝑄 = 4.

𝑙
0,0
𝑚,𝑛1 [𝑘1]

) )
, and 𝑙0,0𝑚,𝑛2 [𝑘1]−𝑙0,0𝑚,𝑛1 [𝑘1] =

(2𝑚𝑛1−2𝑚𝑛2+𝑛2
2−𝑛

2
1)𝜆𝑘1

2𝐷 cos 𝜃 ,
assuming 𝑆𝑡 [𝑘1] = 𝑆𝑟 [𝑘1] and 𝑧0 = 0. Furthermore, it is not
difficult to obtain the spectral efficiency as a function of 𝑘1
by substituting Eq. (16) into Eq. (4). Our aim is to find the
optimal 𝑘1 for the spectral efficiency optimization problem
formulated as

𝑘∗1= arg max
𝑘1=0,1,...,𝐾−1

(
1
𝐾

𝐾−1∑︁
𝑘=0

log2

(���I+ 𝛾
𝑈

H̃𝐻[𝑘,𝑘1]H̃[𝑘,𝑘1]
���)) , (17)

but it is difficult to solve due to the complicated log-
determinant function. Nevertheless, we give the relationship
between 𝑆𝐸 and 𝑓𝑘1 by exhaustive search as shown in Fig.
2 to find the optimal 𝑘1, where different carrier frequencies
and bandwidths are considered for comparison. It can be
seen that the maximum spectral efficiency almost occurs at
𝑓𝑘1 = 0 (i.e., 𝑓𝑐) regardless of the variation of the carrier
frequency and bandwidth, though the effect of 𝑘1 on 𝑆𝐸 is
negligible. Therefore, when the subarray spacing is limited,
we can consider designing the subarray spacing according
to the highest frequency point to reduce the array size. It
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Fig. 3 Beam pattern versus different 𝜃𝑇𝑛 with 𝑃 = 64 or 256, 𝜃𝑇𝑛 = 10◦.

is also reasonable to design the Rayleigh distance criterion
using the carrier frequency in wideband systems.

4. Beam Squint Analysis and Improved Analog Beam-
forming Design

4.1 Beam Squint Analysis

For a full-digital system, beam squint can be easily resolved
through employing different steering vectors for beamform-
ing at different frequencies. However, for a hybrid array
system, beam squint is difficult to eliminate only through
the adjustment of phase shifters, since phase shifter is es-
sentially a narrowband device and thus generally designed
for a specific frequency, e.g., the carrier frequency [21]. In
wideband case, the beam pattern 𝑔(𝑘, 𝜃𝑇𝑛 ) of the 𝑛th trans-
mit subarray not only depends on the angle of beam but
also the frequency, which is significantly different from the
narrowband case. From Eq. (11) and Eq. (14), we have

𝑔(𝑘, 𝜃𝑇𝑛 )
= (a𝑇 (𝑘, 𝜃𝑇𝑛 ))𝑇 f𝑛

=
1
√
𝑃

exp
(
𝑗𝜋(𝑃−1) 𝑑

𝑐

[
( 𝑓𝑘+ 𝑓𝑐)sin 𝜃𝑇𝑛 − 𝑓𝑐 sin 𝜃̃𝑇𝑛

] )
·

sin
(
𝑃𝜋 𝑑

𝑐

[
( 𝑓𝑘 + 𝑓𝑐) sin 𝜃𝑇𝑛 − 𝑓𝑐 sin 𝜃̃𝑇𝑛

] )
sin

(
𝜋 𝑑
𝑐

[
( 𝑓𝑘 + 𝑓𝑐) sin 𝜃𝑇𝑛 − 𝑓𝑐 sin 𝜃̃𝑇𝑛

] ) ,
(18)

whose peak appears at the beam direction of 𝜃𝑚𝑎𝑥 =

arcsin
(

sin 𝜃𝑇𝑛
1+ 𝑓𝑘/ 𝑓𝑐

)
. Only when 𝑓𝑘 = 0, 𝜃𝑚𝑎𝑥 can point to the

expected angle 𝜃̃𝑇𝑛 , and there will be angle deviation in other
case. It implies that the expected beam direction associated
with the phase shifters varies with the frequency, leading to
the beam squint. Fig. 3 illustrates a beam squint example
for different frequencies. It can be seen from the figure that,
in the expected beam direction, the largest peak occurs only
at 𝑓𝑘 = 0 (i.e., the carrier frequency), and the beamform-
ing gain incurs increasing loss with 𝑓𝑘 deviating from 𝑓𝑐.
It means that beam squint with larger bandwidth can cause
further loss. As the number of antenna elements increases,

the beamwidth becomes narrower and the beamforming gain
falls more rapidly in the expected beam direction.

Assuming that AoD and AoA are perfectly available,
i.e., 𝜃̃𝑇𝑛 = 𝜃𝑇𝑛 and 𝜃̃𝑅𝑚 = 𝜃𝑅𝑚, the RF equivalent subchan-
nel between the 𝑛th transmit subarray and the 𝑚th receive
subarray can be expressed as

𝐻𝑚,𝑛 [𝑘]
= w𝐻

𝑚H𝑚,𝑛 [𝑘]f𝑛

=
1

√
𝑃𝑄

exp
(
𝑗2𝜋( 𝑓𝑘 + 𝑓𝑐)

𝑅

𝑐

)
·
𝑃−1∑︁
𝑝=0

𝑄−1∑︁
𝑞=0

exp
(
𝑗2𝜋 𝑓𝑘

𝑝𝑑 sin 𝜃𝑇𝑛 − 𝑞𝑑 sin 𝜃𝑅𝑚
𝑐

)
=

1
√
𝑃𝑄

sin
(
𝑃𝜋 𝑓𝑘

𝑑 sin 𝜃𝑇𝑛
𝑐

)
sin

(
𝑄𝜋 𝑓𝑘

𝑑 sin 𝜃𝑅𝑚
𝑐

)
sin

(
𝜋 𝑓𝑘

𝑑 sin 𝜃𝑇𝑛
𝑐

)
sin

(
𝜋 𝑓𝑘

𝑑 sin 𝜃𝑅𝑚
𝑐

)
·exp

(
𝑗𝜋
𝑓𝑘𝑑

𝑐

[
2
(
1+ 𝑓𝑐

𝑓𝑘

)
𝑅

𝑑
+(𝑃−1)sin𝜃𝑇𝑛 −(𝑄−1)sin𝜃𝑅𝑚

] )
.

(19)

As sin
(
𝑃𝜋 𝑓𝑘

𝑑 sin 𝜃𝑇𝑛
𝑐

)
sin

(
𝑄𝜋 𝑓𝑘

𝑑 sin 𝜃𝑅𝑚
𝑐

)
and sin

(
𝜋 𝑓𝑘

𝑑 sin 𝜃𝑇𝑛
𝑐

)
sin

(
𝜋 𝑓𝑘

𝑑 sin 𝜃𝑅𝑚
𝑐

)
have different periods, zero crossing in-

evitably occurs when the number of antennas and bandwidth
are relatively large, and it exhibits frequency-selective deep
fading in the RF equivalent channel, which will be illustrated
in Fig. 4.

4.2 Improved Analog Beamforming for Phase Compensa-
tion

Due to the beamforming gain loss caused by beam squint, we
need to design appropriate phase shifter values with flat char-
acteristics in the frequency-domain to eliminate frequency-
selective deep fading. Note that ZC sequence is a well-known
constant amplitude zero autocorrelation (CAZAC) sequence
and its Fourier transform is also constant-envelope, which
enables omnidirectional radiation pattern in massive MIMO
systems [26]. Therefore, we adopt it to compensate the con-
ventional analog beamforming vector.

Define the compensation vectors as f𝑐,𝑛 =

[exp(− 𝑗𝜙0
𝑐,𝑛), exp(− 𝑗𝜙1

𝑐,𝑛), ..., exp(− 𝑗𝜙𝑃−1
𝑐,𝑛 )]𝑇 and w𝑐,𝑚 =

[exp(− 𝑗𝜓0
𝑐,𝑚), exp(− 𝑗𝜓1

𝑐,𝑚), ..., exp(− 𝑗𝜓𝑄−1
𝑐,𝑚 )]𝑇 , then the

analog precoding vector and combining vector after phase
compensation become

f̃𝑛 = f𝑛 ⊙ f𝑐,𝑛

=
1
√
𝑃

[
exp(− 𝑗 (𝜙0

𝑛 + 𝜙0
𝑐,𝑛)), exp(− 𝑗 (𝜙1

𝑛 + 𝜙1
𝑐,𝑛)),

..., exp(− 𝑗 (𝜙𝑃−1
𝑛 + 𝜙𝑃−1

𝑐,𝑛 ))
]𝑇 (20)

and



6
IEICE TRANS. COMMUN., VOL.Exx–??, NO.xx XXXX 200x

w̃𝑚 = w𝑚 ⊙ w𝑐,𝑚

=
1
√
𝑄

[
exp(−𝑗 (𝜓0

𝑚+𝜓0
𝑐,𝑚)), exp(−𝑗 (𝜓1

𝑚+𝜓1
𝑐,𝑚)),

..., exp(− 𝑗 (𝜓𝑄−1
𝑚 + 𝜓𝑄−1

𝑐,𝑚 ))
]𝑇
,

(21)

where 𝜙𝑝𝑛 = 2𝜋𝑝 𝑓𝑐𝑑 sin 𝜃̃𝑇𝑛/𝑐 and 𝜓𝑞𝑚 = 2𝜋𝑞 𝑓𝑐𝑑 sin 𝜃̃𝑅𝑚/𝑐.
Replacing f𝑛 and w𝑚 in Eq. (19) with f̃𝑛 and w̃𝑚, the RF
equivalent channel becomes

𝐻𝑚,𝑛 [𝑘] =
1

√
𝑃𝑄

exp
(
𝑗2𝜋( 𝑓𝑘 + 𝑓𝑐)

𝑅

𝑐

)
·
𝑃−1∑︁
𝑝=0

𝑄−1∑︁
𝑞=0

{
exp

(
𝑗

(
2𝜋 𝑓𝑘

𝑝𝑑 sin 𝜃𝑇𝑛
𝑐

−𝜙𝑝𝑐,𝑛
))

· exp
(
𝑗

(
𝜓
𝑞
𝑐,𝑚 − 2𝜋 𝑓𝑘

𝑞𝑑 sin 𝜃𝑅𝑚
𝑐

)) }
.

(22)

Since the compensation vectors f𝑐,𝑛 and w𝑐,𝑚 have the
similar form, we only consider the design for f𝑐,𝑛 based on
the ZC sequence [27], and it is given by

exp( 𝑗𝜙𝑝𝑐,𝑛) =
{

exp( 𝑗𝜋 𝑟 𝑝 (𝑝+2𝑞′ )
𝑃

), 𝑃 is even
exp( 𝑗𝜋 𝑟 𝑝 (𝑝+2𝑞′+1)

𝑃
), 𝑃 is odd

(23)

where 𝑞′ and 𝑟 are parameters and will be calculated in the
following.

Our aim is to use exp
(
𝑗𝜙
𝑝
𝑐,𝑛

)
to avoid the occurrence

of frequency-selective deep fading in 𝐻𝑚,𝑛 [𝑘] by exploiting
the characteristic of ZC sequence. As the phase shifters for
conventional beamforming can only be set for a specific fre-
quency, we design 𝜙𝑝𝑐,𝑛 to compensate phases evenly within[
− 𝐵2 ,

𝐵
2
]

instead of a specific frequency, which sacrifices part
of array gain to allow the power evenly distributed across the
whole operating frequency band. We define 𝑢 =

𝑓𝑘𝑑 sin 𝜃𝑇𝑛
𝑐

in
Eq. (22) and 𝑢 ∈

[
− 𝐵𝑑 sin 𝜃𝑇𝑛

2𝑐 ,
𝐵𝑑 sin 𝜃𝑇𝑛

2𝑐

]
. In Eq. (23), when 𝑃

is even, we take the derivative of the variable 𝑝 in the phase
of exp

(
𝑗𝜙
𝑝
𝑐,𝑛

)
, and obtain

[
𝑟 𝑝 (𝑝+2𝑞′ )

2𝑃

] ′
=

𝑟 (𝑝+𝑞′ )
𝑃

, which
increases monotonically with 𝑝. Particularly when 𝑝 = 0
and 𝑝 = 𝑃 − 1, we have the minimum and maximum val-
ues of the corresponding derivative, i.e., 𝑟𝑞

′

𝑃
and 𝑟 (𝑃−1+𝑞′ )

𝑃
,

respectively, and thus the compensation frequency range is[
𝑟𝑞′

𝑃
,
𝑟 (𝑃−1+𝑞′ )

𝑃

]
. To guarantee the compensation frequency

and 𝑢 to be located in the same range, we have{
𝑟𝑞′

𝑃
= − 𝐵𝑑 sin 𝜃𝑇𝑛

2𝑐
𝑟 (𝑃−1+𝑞′ )

𝑃
=
𝐵𝑑 sin 𝜃𝑇𝑛

2𝑐

. (24)

Solving Eq. (24), we have 𝑟 =
𝑃𝐵𝑑 sin 𝜃𝑇𝑛
𝑐 (𝑃−1) and 𝑞′ = − 𝑃−1

2 .

Similarly, when 𝑃 is odd, we have 𝑟 =
𝑃𝐵𝑑 sin 𝜃𝑇𝑛
𝑐 (𝑃−1) and 𝑞′ =

− 𝑃2 . Substituting 𝑟 and 𝑞′ in the above two cases respectively
into Eq. (23), we can obtain the same compensatory phases
given by

𝜙
𝑝
𝑐,𝑛 = −𝜋𝐵

𝑐
𝑝𝑑 sin 𝜃𝑇𝑛 + 𝜋𝐵𝑑𝑝

2 sin 𝜃𝑇𝑛
𝑐(𝑃 − 1) . (25)

Likewise, the compensatory phase at the Rx can be also
obtained,

𝜓
𝑞
𝑐,𝑚 = −𝜋𝐵

𝑐
𝑞𝑑 sin 𝜃𝑅𝑚 + 𝜋𝐵𝑑𝑞

2 sin 𝜃𝑅𝑚
𝑐(𝑄 − 1) . (26)

5. SNR Maximization with Improved Analog Beam-
forming

Because the orthogonal frequency division multiplexing
(OFDM) signal has excessively high peak to average power
ratio, SC-FDE scheme is more attractive for high-throughput
wideband mmWave communication systems [28]. It is nec-
essary to equalize the received symbols to remove the ISI
caused by frequency-selective RF equivalent channel. In this
section, we consider the linear SC-FDE for ISI mitigation in
wideband mmWave LoS MIMO systems, and evaluate the
equalization performance on the SNR after equalization.

In SC-FDE systems, a cyclic prefix (CP) is generally
inserted in front of the block data to convert the linear con-
volution of the transmitted signal and the wireless chan-
nel into a circular convolution, which can prevent the inter-
block interference (IBI). We assume that the length of CP
is larger than the delay spread of the channel. At the Rx,
we remove the CP, and then perform 𝐾 = 𝜌𝐿 points fast
Fourier transform (FFT) and frequency-domain equaliza-
tion, where 𝜌 is the up-sampling ratio and 𝐿 is the length
of symbol block. Finally, we perform IFFT to convert the
frequency-domain signal to the time-domain for detection.
Let the frequency-domain received signal vector after ana-
log combining expressed as y = [y𝑇0 , y

𝑇
1 , ..., y

𝑇
𝑀−1]

𝑇 , where
y𝑚 = [𝑦𝑚 [0], 𝑦𝑚 [1] ..., 𝑦𝑚 [𝐾 − 1]]𝑇 denote the frequency-
domain sampled symbol vector of the 𝑚th subarray, and it is
given by

y = Hx + n, (27)

where x = [x𝑇0 , x
𝑇
1 , ..., x

𝑇
𝑁−1]

𝑇 and n = [n𝑇0 , n
𝑇
1 , ..., n

𝑇
𝑀−1]𝑇

denote the frequency-domain transmitted signal vector and
noise vector, respectively. And

H =


H0,0 · · · H0,𝑁−1
...

. . .
...

H𝑀−1,0 · · · H𝑀−1,𝑁−1

 , (28)

where H𝑚,𝑛 = 𝑑𝑖𝑎𝑔(𝐻𝑚,𝑛 [0], ..., 𝐻𝑚,𝑛 [𝐾 − 1]).
Let G𝑍𝐹 ∈ C𝑁𝐾×𝑀𝐾 denote the frequency-domain ZF

equalization matrix, and it is given by

G𝑍𝐹 = (H𝐻H)−1H𝐻
. (29)

Therefore, the received signal vector after ZF equalization
can be expressed as
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ỹ𝑍𝐹 = G𝑍𝐹y

= x +
(
H𝐻H

)−1
H𝐻n

= x + ñ𝑍𝐹 .

(30)

The noise power can be represented as

𝐸{∥ñ𝑍𝐹 ∥2}

= 𝐸

{�������� (H𝐻H
)−1

H𝐻
𝑛

��������2}
= 𝑡𝑟

{
𝐸

{((
H𝐻H

)−1
H𝐻

𝑛

) ((
H𝐻H

)−1
H𝐻

𝑛

)𝐻}}
= 𝜎2𝑡𝑟

{(
H𝐻H

)−1
}
.

(31)

The SNR after ZF equalization is given by

𝛾𝑍𝐹 =
𝜒2

𝐸{∥ñ𝑍𝐹 ∥2}/𝑁𝐾
= 𝛾

𝑁𝐾

𝑡𝑟

{(
H𝐻H

)−1
} . (32)

where 𝛾 =
𝜒2

𝜎2 = 𝛾 + 10 log10 (𝑃 ×𝑄) represents the element
SNR and 𝜒2 denotes the average signal power.

With MMSE equalization, the corresponding equaliza-
tion matrix can be given by

G𝑀𝑀𝑆𝐸 =

(
H𝐻H + 1

𝛾
I𝑁𝐾

)−1
H𝐻

, (33)

and its corresponding MMSE is derived by

𝐸{∥G𝑀𝑀𝑆𝐸y − x∥2}

= 𝑡𝑟

{
𝐸

{
(G𝑀𝑀𝑆𝐸y − x) y𝐻G𝐻

𝑀𝑀𝑆𝐸

}}
+ 𝑡𝑟

{
𝐸

{
(x − G𝑀𝑀𝑆𝐸y) x𝐻

}}
(𝑎)
= 𝑡𝑟

{
𝐸

{
(x − G𝑀𝑀𝑆𝐸y) x𝐻

}}
= 𝜒2𝑡𝑟

{
I𝑁𝐾 −

(
H𝐻H + 1

𝛾
I𝑁𝐾

)−1
H𝐻H

}
,

(34)

where (a) holds in terms of the orthogonality principle,
i.e., 𝐸

{
(G𝑀𝑀𝑆𝐸y − x) y𝐻

}
= 0. Therefore, the SNR af-

ter MMSE equalization is

𝛾𝑀𝑀𝑆𝐸 =
𝜒2 − 𝐸{∥G𝑀𝑀𝑆𝐸y − x∥2}/𝑁𝐾
𝐸{∥G𝑀𝑀𝑆𝐸y − x∥2}/𝑁𝐾

=

𝑡𝑟

{(
H𝐻H + 1

𝛾
I𝑁𝐾

)−1
H𝐻H

}
𝑁𝐾 − 𝑡𝑟

{(
H𝐻H + 1

𝛾
I𝑁𝐾

)−1
H𝐻H

} . (35)

6. Simulation Results

In this section, we present the simulation results to demon-
strate the performance of the improved analog beamforming

-3 -2 -1 0 1 2 3
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Fig. 4 The comparison of the RF equivalent channel frequency-domain
response with beam squint.

in SC-FDE based mmWave LoS MIMO systems. We assume
that the Tx and Rx are placed in parallel, i.e., 𝜃 = 0◦. This
means that AoD and AoA have the same value, i.e., 𝜃𝑇𝑛 = 𝜃𝑅𝑚.
Unless stated otherwise, we consider 𝑁𝑠 = 𝑀 = 𝑁 = 4,
𝑃 = 128, 𝑄 = 4, the carrier frequency of 60 GHz and the
bandwidth of 4 GHz. We choose 𝑆𝑡 = 𝑆𝑟 =

√︃
𝜆𝑐𝑅

𝑀 cos 𝜃 and
𝑑 = 𝑐

2 𝑓𝑐 as the subarray separation for a practical array place-
ment to meet the Rayleigh distance criterion at 𝑅 = 100 m.
The reference baseband signal is a quadrature phase shift
keying (QPSK) modulated signal filtered by a raised cosine
filter with roll-off factor 𝜖 = 0.2. The length of symbol block
𝐿 = 512 and CP length 𝐿𝑐𝑝 = 64. Up-sampling ratio 𝜌 = 2
and FFT size at the Rx 𝐾 = 𝜌𝐿 = 1024.

Fig. 4 compares the frequency-domain response of the
RF equivalent channel with different AoDs. It can be seen
that due to the influence of beam squint on conventional
beamforming, larger AoD leads to more severe frequency-
selective fading. As 𝜃𝑇𝑛 increases, deep fading appears in the
frequency-domain response of the RF equivalent channel,
which will seriously affect signal transmission. Although
the improved beamforming causes slight beamforming gain
loss around the carrier frequency, it can effectively eliminate
the frequency-selective deep fading caused by beam squint
with tens dB gain when 𝐵 = 4 GHz or 6 GHz, greatly im-
proving the reliability of a wideband system.

Fig. 5 shows the BER performance versus 𝛾 when
𝜃𝑇𝑛 = 25◦. Note that the element SNR of 𝛾 = −20 dB cor-
responds to the subarray SNR 𝛾 = 7 dB because the Tx/Rx
subarrays have 128 and 4 elements, respectively (the beam-
forming gain is 10 log10 (128 × 4) = 27 dB). It can be seen
that the improved beamforming has an approximately 3 dB
performance improvement over the conventional beamform-
ing using ZF equalization, since the deep fading points of
equivalent channel are effectively removed. Here, we take
the performance with the TTD lines as the optimal one for
comparison, which outperforms the improved one over 5
dB due to beamforming loss caused by beam squint. The
MMSE equalization has slightly better performance than the
ZF equalization.
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Fig. 6 Sum rate versus the number of data stream under 𝛾 = −18 dB.

Fig. 6 shows the sum rate after equalization versus the
number of data stream 𝑁𝑠 from 1 to 8, where we assume
that the number of both subarrays and RF chains are always
equal to 𝑁𝑠 , i.e., 𝑀 = 𝑁 = 𝑁𝑠 . It is observed that the sum
rate is improved with the increasing number of data steams,
and using the improved beamforming achieves higher sum
rate than conventional beamforming. The gap between them
gets large as 𝑁𝑠 increases, and achieves 0.8 bits/s/Hz when
ZF equalization is used for eight data streams. The sum
rate using the improved beamforming with ZF equalization
approaches that with MMSE equalization as the number of
data steam increases.

7. Conclusions

In this paper, we have investigated the influence of frequency-
dependency on the optimal subarray separations for wide-
band mmWave LoS MIMO systems using hybrid arrays,
and shown that the Rayleigh distance designed under car-
rier frequency can achieve the maximum spectral efficiency.
Through the analysis of beam squint effect on the RF equiv-
alent channel, an improved analog beamforming can be

achieved by adjusting phase shifter values with ZC sequence
to, compensate the frequency-selective deep fading. With
the improved analog beamforming, the equalization perfor-
mance in term of output SNR using ZF and MMSE based
equalizers in a SC-FDE system is investigated. Numerical
results demonstrate the effectiveness of the improved analog
beamforming in terms of overcoming the beam squint effect.
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