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Abstract

Massive MIMO, especially in the millime-
ter-wave frequency bands, has been recognized 
as a promising technique to enhance spectrum 
and energy efficiency, as well as network cover-
age for wireless communications. Most research 
in massive MIMO just uses the extended conven-
tional MIMO channel model by directly assum-
ing that the channel dimensionality becomes 
large. With massive numbers of antennas, how-
ever, there exists a non-negligible propagation 
delay across the large array aperture, which then 
causes a transmitted symbol to reach different 
antennas with different delays, thereby rendering 
conventional MIMO channel models inapplicable. 
Such a phenomenon is known as the spatial-wide-
band effect in the areas of array signal processing 
and radar signal processing, and introduces the 
beam squint effect in beamforming. However, 
the spatial-wideband effect and the related beam 
squint issue are seldom studied in massive MIMO 
communications. To design a practical massive 
MIMO system, it is important to understand when 
the spatial-wideband effect appears and how it 
affects signal transmission, how the spatial-wide-
band effect interacts with the frequency-wide-
band effect (frequency selectivity), especially for 
multi-carrier modulations such as orthogonal fre-
quency-division multiplexing (OFDM), and how 
we should re-design the transceiver. In this article 
we suggest a new massive MIMO channel model 
that embraces both the spatial- and frequen-
cy-wideband effects, and discuss these issues.

Introduction
Massive multiple-input and multiple-output 
(MIMO), also known as large-scale MIMO, is 
formed by equipping huge numbers of antennas, 
hundreds or even thousands, at the base station 
(BS) to simultaneously serve multiple users in the 
same frequency band. As summarized in [1], mas-
sive MIMO can improve spectrum and energy effi-
ciencies, and simple zero-forcing transceivers are 
asymptotically optimal for the cell throughput and 
capacity. Furthermore, broadband communica-
tions over a millimeter-wave (mmWave) frequen-
cy band make massive MIMO attractive since the 
tiny antenna size facilitates packing a tremendously 
large number of antennas in a small area [2, 3].

Since channel state information (CSI) is neces-
sary to achieve the huge performance gains for 

massive MIMO, various channel estimation algo-
rithms have been designed for uplink channels [4]. 
Downlink channels for time-division-duplex (TDD) 
networks can be obtained by channel reciprocity. 
For frequency-division-duplex (FDD) networks, the 
angle reciprocity inside uplink/downlink propaga-
tion paths can be exploited for downlink channel 
estimation [5]. With CSI at the BS, various beam-
forming techniques [6] have been proposed to uti-
lize the high spatial resolution of large-scale arrays. 
To reduce the cost of hardware implementation, 
hybrid analog-digital beamforming techniques 
have been developed for mmWave-band massive 
MIMO systems, which perform nearly as well as 
fully digital implementations that become unwieldy 
when the number of antennas becomes large [7].

In fact, most existing works on massive 
MIMO directly apply the extended convention-
al MIMO channel model by simply assuming 
that the dimensionality of the channel becomes 
large. However, such a simple extension does 
not fit the physical reality when the physical size 
of an antenna array travelled by the propagating 
wave exceeds a certain level. If this propagation 
delay across the array is comparable to the sym-
bol period, then different antenna elements will 
receive different amplitudes and phases of the 
same symbol or even distinct symbols at the same 
sampling time, making the conventional MIMO 
model inapplicable. This is an inherent property 
of a large-scale array, called the spatial-wideband 
effect, and it has been extensively investigated in 
radar signal processing [8]. Unlike narrowband 
signaling which has a fixed beam with no fre-
quency dependence over the antenna manifold, 
a wideband signal will have slight variations of 
the antenna radiation pattern, as a function of 
frequency, over the wide bandwidth of the sig-
nal, which is generally referred to as beam squint 
[8, 9] deriving from the spatial-wideband effect. 
Accordingly, a large antenna array is unable to 
generate beams pointing toward the same direc-
tions for different frequencies, and reciprocally, 
it is difficult to extract the precise incident angles 
from an incoming signal if the spatial-wideband 
effect is not carefully considered.

To date, the spatial-wideband effect and the 
consequent impacts have not yet received much 
attention in massive MIMO communications, partly 
due to the fact that most of the existing massive 
MIMO testbeds are planar arrays and are not mas-
sive enough in any single dimension. For example, 
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the typical 8-by-8 or 16-by-16 planar array test-
bed, usually with around half wavelength distance 
between adjacent antennas, is not massive in either 
dimension and therefore the spatial-wideband 
effect can hardly be observed. The initial work in 
[10] considers the spatial-wideband effect when 
designing a beamspace receiver, where only a line-
of-sight (LoS) channel is assumed.

In this article, we investigate wideband mas-
sive MIMO communications, taking into account 
both the spatial-wideband and frequency-wide-
band effects, called dual-wideband effects. For ease 
of illustration, we consider mmWave-band com-
munications in sparse channel scenarios, which 
is reasonable from [2]. We model each path of 
the mmWave massive MIMO channel with the 
complex gain, the direction of arrival (DoA) or the 
direction of departure (DoD), and the time delay. 
We illustrate several characteristics of dual-wide-
band channels and how to design orthogonal fre-
quency division multiplexing (OFDM) to embrace 
the dual-wideband effects. We also compare the 
performance of channel estimation between ignor-
ing and considering the spatial-wideband effect, 
where the approaches neglecting the spatial-wide-
band effect suffer from severe performance deg-
radation in broadband transmission. This article 
concludes with a discussion of how the transceiv-
er architecture should be re-designed for massive 
MIMO systems undergoing dual-wideband effects.

Spatial-Wideband Effect in  
Massive MIMO

The spatial-wideband effect in a large antenna 
array, in essence, is similar to the frequency-wide-
band effect (frequency selectivity). While frequen-
cy selectivity results from multipath delay, the 
spatial-wideband effect exists on a large antenna 
array even in an LoS channel with no multipath. 
In this section, we first introduce the principle of 
the spatial-wideband effect and then derive the 
dual-wideband channel model. Next, several char-
acteristics related to the dual-wideband effects 
are discussed for massive MIMO OFDM systems, 
which can be leveraged for user scheduling as 
discussed below.

Spatial-Wideband Effect

The spatial-wideband effect, induced by the phys-
ical propagation delay of the electromagnet-
ic wave traveling across the antenna aperture, 
occurs in high-dimensional arrays, as shown in 
Fig. 1. Consider one signal from a far-field source 
impinging upon a uniform linear array (ULA) 
of M antenna elements with the single DoA ϑ. 
According to the Huygens-Fresnel wave propa-
gation principle, the received signals at different 
antenna elements are slightly delayed versions 
of the original signal, unless the incident signal is 
perpendicular to the ULA. The time differences at 
different antenna elements compared to the first 
one form an arithmetic progression with common 
difference determined by the path DoA and the 
element spacing of the antenna array.

To better demonstrate the impact of the spa-
tial-wideband effect, we first use single-carrier 
modulation as an example in Fig. 1. If the number  
of antenna elements is small, then the propaga-
tion delay across the overall array is much small-

er compared to the symbol period and can be 
ignored. In this case, the received symbols at dif-
ferent antenna elements can be viewed as from 
the identical symbol series and the conventional 
MIMO channel model is applicable. In general, 
this is true only when the maximum propagation 
delay is much less than the symbol period.

When the number of antenna elements in the 
array is large, the propagation delay becomes a sig-
nificant fraction of the symbol period or even more 
than one symbol period. In this case, the amplitudes 
and phases of the received symbols at different 
antenna elements at the same time will be different. 
As a result, the conventional MIMO channel model, 
which ignores the delay differences among the 
received signals from different antenna elements, 
does not hold for a practical antenna array.

For example, for a ULA system with 128 anten-
na elements and half wavelength antenna ele-
ment spacing, the maximum propagation delay 
will be 0.489 Ts in a typical LTE system with the 
transmission bandwidth of 20 MHz at the carrier 
frequency 2.6 GHz, where Ts denotes the symbol 
period. In a typical mmWave-band system with a 
bandwidth of 1 GHz at 60 GHz carrier frequency, 
such delay will be 1.058 Ts. This 60 GHz exam-
ple shows that the last antenna element sees a 
completely different symbol from the first one in 
a large-scale array, which makes the conventional 
MIMO channel model invalid.

It should be noted that the spatial-wide-
band effect exists not only in ULAs, but in any 
array topology where the large aperture causes 
non-negligible propagation delay compared with 
the symbol duration. A typical instance is the 
base station of Facebook Project Aries, where 
a 48-by-2 planar array for the centimeter-wave 
frequency band is employed and the spatial-wide-
band effect plays an important role in the 48-ele-
ment dimension. Another typical instance is in 
phased-array radars. For example, the AN/TPY-2 
wideband radar operating at approximately 10 GHz 
contains 25,344 antenna elements in the 9.2 m2 
area, where the spatial-wideband effect appears in 
both dimensions.

Despite the single-carrier modulation used in 
the above example, the conclusion could also be 
true under some conditions for multi-carrier mod-
ulations, such as for OFDM systems.

Figure 1. An illustration of the spatial-wideband effect in a ULA. 
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Dual-Wideband Channel

From the above discussion, the spatial-wideband 
effect cannot be ignored for massive MIMO sys-
tems. We need to revise the conventional MIMO 
channel model by taking the delay differences 
among antennas into consideration.

Let us consider a massive MIMO system con-
sisting of one BS with an M-antenna ULA and a 
single-antenna user. For ease of illustration, we 
consider mmWave-band transmission. Suppose 
that there are L individual physical paths between 
the BS and the user.1 Denote ϑl as the DoA of 
the lth path and tl,m as the time delay of the lth 
path from the user to the mth antenna. Then, 
the uplink channel in the time domain at the mth 
antenna can be modeled as 

hm (t) = αle
− j2π(m−1)d sinϑl

λc

l=1

L

∑ δ(t − τl,m ),
	

(1)

where a l is the complex channel gain of the lth 
path, ql is the DoA of the lth arriving path, and lc 
is the carrier wavelength.

For a traditional small-scale MIMO system, 
the time delay of a path at different antennas can 
be regarded as the same. Therefore, Eq. 1 could 
be compactly organized by the well known spa-
tial-domain steering vector a(ϑl), which, howev-
er, cannot be cloned when the spatial-wideband 
effect must be considered. To obtain a more 
compact form of the dual-wideband massive 

MIMO channel, let us investigate it in the fre-
quency domain.

Suppose we have N equal-spaced sub-bands, 
for example, N subcarriers in OFDM modulation. 
By transforming the time-domain channel (1) into 
the frequency domain and utilizing the arithmetic 
progression of time delays at different antenna 
elements across the array aperture, the overall 
spatial-frequency channel matrix from all M anten-
nas can be represented as [11] 

H = αl a(ϑl )b
T (τl,1)( )

l=1

L

∑ !Θ(ϑl )∈CM×N ,
 	

(2)

where “∘” denotes the Hadamard product, b(tl,1) 
is the “frequency-domain steering vector” pointing 
toward the delay of the lth path, and the M-by-N 
matrix Q(ϑl) provides the additional phase shifts to 
express the affect of the spatial-wideband effect, 
which is dependent on the DoA and the orien-
tation of the array. Equation 2 provides an exact 
channel model for large-scale antenna arrays and 
is called the spatial-frequency wideband (SFW) 
channel.2

Actually, when the spatial-wideband effect is 
negligible as in a conventional MIMO channel, the 
Hadamard factor Q(ϑl) in Eq. 2 degenerates into an 
all-ones matrix, or equivalently disappears. In this 
conventional case, the spatial-frequency channel 
can be completely described by the spatial-domain 
and frequency-domain steering vectors.

Figure 2. SFW channel in different domains: a,b,c) a one-path SFW channel in angular-delay domain, angu-
lar-frequency domain, and spatial-delay domain, respectively; d) manifestations of spatial-wideband 
effect in different domains.
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SFW Channel in Different Domains
Note that Eq. 2 expresses the SFW channel in 
the spatial-frequency domain. We can transform 
Eq. 2 to other domains via the discrete Fourier 
transform (DFT) or the inverse DFT (IDFT) to gain 
more physical insights.

Let us consider an SFW channel H consisting 
of one path with the DoA of 57° as an example.3 
By applying IDFT in the spatial domain and/or the 
frequency domain, we can transform H into the 
angular-frequency domain channel matrix, FM

HH, 
the spatial-delay domain channel matrix, HFN

H, and 
the angular-delay domain channel matrix, FM

HHFN
H, 

as in Figs. 2b, 2c, and 2a, respectively, where FM 
and FN denote the normalized DFT matrix with 
dimensions M and N, respectively. After the trans-
form, the physical DoA or DoD is mapped from 
the continuous interval [–(p/2), p/2] to the set of 
integers [0, M – 1] (angular-domain indices) while 
the path delay is mapped from the continuous 
interval [0, NTs] to the set of integers [0, N – 1] 
(delay-domain indices).

Figure 2c shows the path delay versus the 
antenna index (spatial domain). From this fig-
ure, different antennas “see” the sequences of 
distinct delays, which we call the delay squint 
effect. Correspondingly, different frequency 
sub-bands “see” the distinct “angles” as illustrat-
ed in Fig. 2b, which is called the beam squint 
in array signal processing theory [12]. With the 
beam and the delay squints, the square region 
in Fig. 2a represents the single path in the angu-
lar-delay domain.

Without the spatial-wideband effect, the Had-
amard factor in Eq. 2, Q(·), does not exist and 
each path manifests an impulse in the angular-de-
lay domain. With the spatial-wideband effect, Q(·) 
diffuses the energy of each path from an impulse 
to a square region, which we call the diffusion 
effect.

We have shown in [11] that the diffusion 
region corresponding to each path will converge 
to a square asymptotically as the number of 
antennas and that of frequency sub-bands tend to 
infinity and the size of the square will be the exact 
ratio of maximum propagation delay across the 
whole antenna to the time-domain sample period. 
Moreover, the squints of angle and delay in Figs. 
2b and 2c can be proved to be identical, each 
being the side length of the square or equivalently 
the propagation delay of each path in time-do-
main samples. In the given example, the path 
with the DoA of 57° travels across the array in 11 
time-domain samples and forms a square with the 
side length of 11.

The above three manifestations of the spa-
tial-wideband effect can be summarized in Fig. 
2d. Traditionally, large arrays are mainly applied 
in radar systems. Due to the impact of beam 
squint, a phased-array radar radiates the dis-
persed beam with different frequency compo-
nents pointing toward different directions. This 
severe and evident performance loss in wide-
band beamforming [12] has motivated studies 
on the spatial-wideband effect in radar signal 
processing. In contrast, as conventional wireless 
communication systems mainly apply the small-
scale MIMO, the spatial-wideband effect can 
be easily ignored and therefore has not been 
explored much.

Angular-Delay Orthogonality

In this subsection, we discuss the orthogonality of 
the SFW channels. Two channels are defined to 
be orthogonal if the dot product of their vector-
ized versions of spatial-frequency channel matri-
ces equals zero.

Without the spatial-wideband effect, each 
path forms a narrow impulse in the angular-de-
lay domain. In this case, as long as two multipath 
channels do not share the same path,4 these two 
channels are asymptotically orthogonal to each 
other [4], which is called the angular-delay orthog-
onality.

With the spatial-wideband effect, each path 
forms a square region in the angular-delay domain 
due to the diffusion effect, possibly with distinct 
sizes related to the different propagation delays 
from different DoAs. Figure 3 demonstrates an 
example of a multipath SFW channel in the angu-
lar-delay domain. Unlike the narrow impulses in 
the frequency-wideband-only scenario, two dis-
tinct paths may overlap with each other in the 
angular-delay domain, which, however, does not 
break the angular-delay orthogonality. In partic-
ular, two single-path SFW channels, with partial 
overlaps in the angular-delay domain, are still 
asymptotically orthogonal to each other from 
[11].

Therefore, for users at different locations or 
for users at the same location but with different 
path delays, the BS can distinguish them and 
separate their signals by filtering in the angu-
lar-delay domain, which makes it possible to 
communicate with them simultaneously without 
inter-user interference. The angular-delay orthog-
onality continues to play an important role with 
dual-wideband effects in user scheduling in mas-
sive MIMO systems.

Cyclic Prefix in Massive MIMO OFDM Systems

In this subsection, we focus on the impact of 
dual-wideband effects on massive MIMO OFDM 
systems.

Figure 4 illustrates how dual-wideband effects 
demand minimal cyclic prefix (CP), where B[i] 
and BCP[i] denote the ith time-domain OFDM 
block and the corresponding CP. For a single 
antenna as shown in Fig. 4a, the length of CP 

Figure 3. A multipath SFW channel in angular-delay domain.

3 To illustrate the character-
istics clearer, the ratio of the 
transmission bandwidth to the 
carrier frequency is set 0.2, 
much higher than real systems 
such that the sizes of squares 
are magnified.

4 Two paths are defined identi-
cal if they have both the same 
DoA and the same path delay. 
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is at least the delay span, that is, the time differ-
ence of the maximum and the minimum delays 
caused by the multiple paths. For the overall 
array as shown in Fig. 4b, an extra CP is neces-
sary to address the propagation delay due to the 
spatial-wideband effect; otherwise, inter-block 
interference would be introduced. Thus, the 
CP for the spatial-wideband effect should be at 
least the propagation delay across the array, as 
marked by the interval between the two vertical 
lines in Fig. 4b.

Denote tl as the multipath delay observed by 
any one of the antennas. By combining the two 
parts of CP respectively shown in Figs. 4a and 4b, 
the required CP in the number of time-domain 
samples in the dual-wideband scenario can be 
expressed as [11] 

(M −1)W
fc

d
λc

+W max
l

τl
d = λc 2 M −1

2
W
fc

                                                         +W max
l

τl ,
	
(3)

where the first term is the maximum propaga-
tion delay caused by the spatial-wideband effect 
and the second term is the exact multipath 
delay span.

For the typical mmWave-band system with the 
bandwidth of 1 GHz at 60 GHz carrier frequen-
cy, the CP length exclusively induced by the spa-
tial-wideband effect is 2 and 5 for the 128-antenna 
and the 512-antenna ULAs, respectively. Hence 
the CP for the spatial-wideband effect in large-
scale antennas seems not to be a big burden for 
the existing OFDM protocols. Nevertheless, the 
subsequent numerical results demonstrate that 
the spatial-wideband effect must be considered. 
Even equipped with sufficient CP, the existing 
algorithms without considering spatial-wideband 
effect still suffer from severe performance loss in 
OFDM systems.

It needs to be mentioned that even for the 
flat-fading or LoS environments, the first term 
in Eq. 3 is still non-zero due to the spatial-wide-
band effect. In this case, adding CP and per-
forming OFDM may still be required, which is 
different from the conventional techniques for 
flat fading.

Rethinking Channel Estimation and 
Data Transmission

In this section, we discuss when the spatial-wide-
band effect will appear and how it will affect 
channel estimation and data transmission.

Consider a massive MIMO OFDM system con-
sisting of a BS with a large-scale ULA and 10 sin-
gle-antenna users that are randomly distributed in 
the coverage area. The carrier frequency is set as 
60 GHz and the antenna spacing of the ULA is 
the half wavelength. The dual-wideband channel 
estimation algorithm [11] and the conventional 
frequency-wideband-only algorithm [13] are com-
pared in Fig. 5 in terms of the normalized mean-
square error (NMSE).

Figure 5 demonstrates the NMSE of channel 
estimation versus the number of antennas under 
different SNRs and signal bandwidths. For a sys-
tem with bandwidth of 1 GHz, the spatial-wide-
band effect becomes obvious as the number of 
antennas is 16, corresponding to the maximum 
propagation delay of 0.13Ts. Such a delay is not 
significant compared to one sample period but 
starts to deteriorate the frequency-wideband-only 
channel estimation approach. When the number 
of antennas in a ULA is 16 or smaller, it is not nec-
essary to consider the spatial-wideband effect, 
which explains why the current massive MIMO 
prototypes based on an 8-by-8 planar array or 
16-by-16 planar array do not observe the spa-
tial-wideband effect because their one-side dimen-
sionality is not “massive” enough if the distance 
between adjacent antennas is around a half wave-
length. For a system with the transmission band-
width of 0.25 GHz, the sample period is longer 
and Fig. 5 shows that the spatial-wideband effect 
is not evident when the number of antennas in a 
ULA is fewer than 48.

It needs to be noted that all the above exam-
ples have provided the sufficient CP length for 
both the dual-wideband algorithm and the fre-
quency-wideband-only approach, but the latter 
still suffers from performance loss due to the spa-
tial-wideband effect. It can be concluded that for 
a massive MIMO system with the propagation 
delay comparable to or larger than 0.1Ts, the 

Figure 4. Dual-wideband effects in a massive MIMO OFDM system, where B[i] and BCP[i] denote the ith OFDM block and the corre-
sponding CP: a) the traditional CP for multipath delay span and b) the additional CP for propagation delay. 

The 1st path

The Lth path

BCP[1] B[1]B[0]

BCP[1]B[0]BCP[0]

Time t

(a)
(b)

…
…

Minimal CP length
for multipath delay span

(frequency-wideband effect)

UserOne of
the antennas

BCP[1] B[1]B[0]

BCP[1] B[1]B[0]

BCP[2]

BCP[2]

BCP[1] B[1]B[0]

BCP[1] B[1]B[0]BCP[0]

…
…

…
…

Examples of synchronization point

Time t

An incident path with the DoA

The actual received 
OFDM block

…
…

Minimal CP length
for propagation delay

(spatial-wideband effect)






(M – 1)

d sin
c

M



IEEE Communications Magazine • December 2018 139

spatial-wideband effect is evident and should be 
properly treated.

Challenges on Transceiver Design
For mmWave-band communications, the channel 
is sparse in angle and delay domains. A ULA with 
half-wavelength antenna spacing is usually applied 
to avoid the ambiguity in the angle domain for 
both channel estimation and beamforming. Since 
the spatial-wideband effect distracts the direc-
tion of beamforming due to beam squint, how 
to design the transceivers to avoid the effect of 
beam squint will be an interesting problem. In 
terms of distinct hardware costs and implementa-
tion complexities, there are generally three typical 
architectures: analog beamforming, digital pre-
coding and combining, and hybrid analog/digital 
precoding and combining.

Analog Beamforming

The analog beamforming transceiver usually 
comprises only one radio frequency (RF) chain 
connecting between the exclusive baseband pro-
cessing module and multiple antenna elements, 
each of which is fed by a phase shifter. Generally, 
a power divider inside the antenna controls all 
phases and amplitudes. The divider, known as a 
fixed Butler Matrix, is a passive device. Thus, the 
number of beams, the corresponding beamform-
ing angles, and sidelobes cannot be changed after 
installation. This configuration is often referred 
to as a switched-beam antenna array or passive 
antenna array. As hardware has been evolving, 
active beamforming antennas have been devel-
oped to separately control the phase of each 
array element, and enable the beam to be steered 
to virtually any angle rather than to discrete angles 
[12].

For its superiority in low hardware cost and low 
implementation complexity, the analog beamform-
ing architecture is widely used at present though 
the hardware constraints in a Butler Matrix and 
only one RF chain limit it to single-stream trans-
mission [7]. Nevertheless, the spatial-wideband 
effect in massive MIMO configurations causes 
analog beamforming to suffer from severe perfor-
mance loss if not properly handled. Since a phase 
shifter could only provide the identical phase shift 
to a signal under different frequency bands, it is 
unable to deal with the beam squint effect caused 
by the spatial-wideband effect, which requires the 
frequency-dependent phase shift of a transmitted 
signal. An algorithm to compensate for the beam 
squint has been developed in [9] by increasing 
the codebook size in precoding, whereas it has 
also been proved that phased-array beamform-
ing cannot solve the beam squint problem when 
either the transmission bandwidth or the number 
of antennas becomes large.

If the receiver processes the received signal 
in the time domain, then the propagation delay 
among antennas can be compensated by delay 
lines instead of phased shifters. Delay lines com-
pensate the delays of different antennas in the 
time domain and naturally produce frequen-
cy-dependent phase shift. Such a configuration 
is referred to as true-time-delay (TTD) beamform-
ing [14], which has been used in high-bandwidth 
radars and ultra-wideband (UWB) multi-anten-
na systems. However, TTD systems increase the 

hardware complexity and limit the transmission 
rate. How to deal with the spatial-wideband effect 
in analog beamforming systems remains to be 
studied.

Digital Precoding and Combining

The digital precoding and combining transceiver 
consists of multiple digital baseband processing 
modules and the same amounts of RF chains, 
each connecting to an antenna. Thus, it has the 
highest flexibility and offers very good perfor-
mance. By carefully designing digital baseband 
processing modules [11], the dual-wideband 
effects can be well managed. It should be noted 
that the full-digital architecture results in very high 
hardware costs, significantly increases energy con-
sumption, and complicates integration in mobile 
devices [12]. It is an interesting issue how to find 
a proper structure to balance performance and 
complexity.

As the hardware cost of high-resolution ana-
log-to-digital converters (ADCs) is high, applying 
low-resolution ADCs in RF chains can significantly 
reduce cost and the energy consumption. With-
out the spatial-wideband effect, massive MIMO-
based spatial oversampling helps low-resolution 
ADCs decode the received symbols. With the 
spatial-wideband effect, different antennas at each 
sampling time collect non-identical data symbols 
or the same symbol with pulse shaping wave-
form-related magnitudes, which makes it harder 
to correctly decode by the spatial oversampling. 
Decoding with the spatial-wideband effect under 
low-resolution ADCs is still an open problem.

Hybrid Analog/Digital Precoding and Combining

Hybrid analog/digital precoding and combining 
architecture has fewer digital baseband process-
ing modules and RF chains than the number of 
antennas. It has the advantages of both analog 
and digital structures.

Even if there are many different hybrid array 
configurations, each RF chain is linked with mul-

Figure 5. Downlink performance comparison between the proposed method 
and the compressive sensing-based frequency-wideband-only approach 
under different SNRs and bandwidths.
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tiple antennas, and thus the corresponding disad-
vantages of analog beamforming still exist. Since 
the phase shifters cannot handle the spatial-wide-
band effect, an elaborate codebook design similar 
to [9] in analog beamforming might be required 
to compensate for part of the beam squint. It has 
been discovered in [15] that the performance of 
the phased-array hybrid structure will degrade as 
the bandwidth increases. The analog tapped delay 
lines could be applied to substitute the phase 
shifters and handle the spatial-wideband effect, 
but incur much higher complexity. The switch-
based hybrid architecture, which uses on/off 
switches to replace phase shifters or delay lines, 
might be a good choice.

Nevertheless, most existing studies of hybrid 
precoding and combining are still based on the 
extended conventional MIMO channel model, 
where the spatial-wideband effect is overlooked. 
Moreover, in frequency-domain scheduling, such 
as the existing OFDMA, users are served on dif-
ferent subcarriers, and the large bandwidth across 
subcarriers will induce the evident beam squint, 
making the existing narrowband hybrid precoders 
no longer applicable. Therefore, how to deal with 
both the spatial-wideband and frequency-wide-
band effects in hybrid architectures is still an open 
issue. Table 1 summarizes the challenges and 
issues due to the spatial-wideband effect.

Conclusions
In this article, we discussed the spatial-wideband 
effect for wideband massive MIMO communica-
tions that arises from the non-negligible propa-
gation delay across a large-scale antenna array. It 
has been shown that the large-scale array aperture 
and the large transmission bandwidth will cause 
the spatial-wideband effect. The existing channel 
estimation algorithms only consider the frequen-
cy-wideband effect and suffer from performance 
loss. We have analytically presented a new chan-
nel model that takes the dual-wideband effect 
into consideration. Moreover, we have modified 
OFDM design to cope with the dual-wideband 
effects. In general, various transceiver algorithms 
need to be re-designed due to the spatial-wide-
band effect and beam squint, leaving many open 
issues in massive MIMO communications. 
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