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Spherical Wavetronts Improve MU-MIMO Spectral Efficiency
When Using Electrically Large Arrays

Giacomo Bacci™, Member, IEEE, Luca Sanguinetti

Abstract—Modern multiple-input multiple-output (MIMO)
communication systems are almost exclusively designed assum-
ing locally plane wavefronts over antenna arrays. This is known
as the far-field approximation and is soundly justified at sub-6-
GHz frequencies at most relevant transmission ranges. However,
when higher frequencies and shorter transmission ranges are
used, the wave curvature over the array is no longer negligible,
and arrays operate in the so-called radiative near-field region.
This letter aims to show that the classical far-field approxi-
mation may significantly underestimate the achievable spectral
efficiency of multi-user MIMO communications operating in the
30-GHz bands and above, even at ranges beyond the Fraunhofer
distance. For planar arrays with typical sizes, we show that
computing combining schemes based on the far-field model signif-
icantly reduces channel gain and spatial multiplexing capability.
When the radiative near-field model is used, interference rejec-
tion schemes, such as the optimal minimum mean-square-error
combiner, appear to be very promising, when combined with elec-
trically large arrays, to meet the requirements of next-generation
networks.

Index Terms—Near-field focusing, mm-Wave and sub-THz
communications, Fraunhofer distance, spherical wavefronts.

I. INTRODUCTION AND MOTIVATION

HE INCREASING demand for ubiquitous, reliable, fast,
Tand scalable wireless services is pushing today’s radio
technology toward its ultimate limits. In this context, it is
natural to continue searching for more bandwidth, which in
turn pushes the operation towards higher frequencies [1]. 5G is
designed to operate in bands up to 71 GHz [2]. Terahertz (THz)
communications in the band from 0.1 to 10 THz is considered
as a highly promising technology for 6G and beyond [1]. The
use of high frequencies translates into higher path losses per
antenna, which can be compensated for by antenna arrays.
This combination undermines a fundamental assumption of
multiple antenna communications: the wavefronts of radiated
waves are locally planar over antenna arrays [3].
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When an antenna radiates a wireless signal in free space,
the wavefront of electromagnetic waves has a different shape
depending on the distance. Traditionally, two regions have
been distinguished [4]: the Fresnel and the far-field (FF)
regions. Wireless communications have almost exclusively
operated in the FF, which conventionally assumes propagation
distances beyond the Fraunhofer one. When arrays between
10 cm and 1 m are utilized, typical ranges up to 100 m
are almost entirely in the Fresnel region when using a car-
rier frequency in the range 30-300 GHz [5]. Thus, plane
wave approximation does not hold anymore, and spherical
wavefront propagation must be considered instead [5]. This
enables spatial-multiplexing in low-rank single-user MIMO
systems [6], [7] and for high-accuracy estimation of source
position [8]. However, this line of research constitutes a
minor fraction of the vast literature based on plane-wave
approximation.

Our objective is to show that, in the bands above 6 GHz,
the classical FF approximation may profoundly underestimate
the achievable performance of multi-user MIMO communica-
tion systems equipped with planar arrays of practical size, i.e.,
in the order of half-a-meter. The underestimation is already
large in the mm-Wave band around 30 GHz bands, and is fur-
ther exacerbated when higher frequencies are considered. Our
numerical analysis also shows that, when the radiative near-
field (NF) channel model is used, minimum mean-square-error
(MMSE) combining vastly outperforms maximum ratio (MR),
thanks to the sub-wavelength spatial resolution that largely
increases its interference suppression capabilities. Particularly,
MMSE combining enables serving very many user equipments
(UEs) in the order of 1500 UEs/km? per channel use (in line
with 5G requirements [9]), while ensuring fairness across them
(and thus significantly increasing the performance at the cell
edge). This makes the combination of MMSE combining and
electrically large arrays a promising candidate to meet the
stringent capacity requirements of next-generation networks.

II. SYSTEM AND SIGNAL MODEL

We consider the planar array shown in Fig. 1. The array
consists of Ny horizontal rows and Ny antennas per row, for
a total of N = Ny Ny antennas. Each antenna has an area A
and the spacing is dy and dy along the horizontal and ver-
tical directions, respectively. Thus, the horizontal and vertical
lengths of the array are Ly = NyvA 4+ (Ny — 1)dy and
Ly = NyVA + (Ny — 1)dy, respectively. The antennas are
numbered from left to right and from the bottom row to the
top row so that antenna n is located at r,, = [:cn,yn,O}T,
where z, = AH(—% + mod(n — 1, Ny)) and y, =
Av(=M=L 4 (0= 1)/Ny)) with Ay = VA + dy and
Ay = VA + dy. We assume that K single-antenna UEs are
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Fig. 1. Diagram of the 2D planar array located in the XY-plane.

active and transmit Y-polarized signals when traveling in the Z
direction [10].! Line-of-sight (LoS) propagation is considered,
as it becomes predominant at high frequencies [5]. We denote
by s = [#%, Y, 2] the arbitrary location for source k and
call ), = tan~!(z;/2;) and 6, = tan_l(yk/q/xg + 22) its
azimuth and elevation angles, respectively.

We let hy, = [hgq, ..., han]T € CN denote the channel of
UE k. In particular, hy, = |hg,|e %n is the channel from
source k to receive antenna n, with |hy,|? being the channel
gain and ¢y, € [0,2) the phase shift. In the remainder, per-
fect channel state information is assumed, since the channels
{hy;} £ | can be estimated arbitrarily well from pilot signals,
thanks to the LoS propagation.

A. Channel Model

To model hg, we extend the prior work [10], which only
considers the case dy = dy = v/ A. The extension to the case
dy # dy with dy, dy > /A is as follows.

Corollary 1: Consider a lossless isotropic antenna located
at s, that transmits a Y-polarized signal when traveling in the
Z direction. The free-space channel gain (},, at receive antenna
n, located at r,, is given by (1), shown at the bottom of the
page, where

gi(@) = VA2 + (-1)'a )

while zz,, = =, — z,, and yg, = Y — Yn-
From Corollary 1, the following model is obtained.
Corollary 2 (Exact Model): The channel entry hy, =
| By | € T3P is obtained as

dy,
|Pken | = \/Ck>n Ok = 27Tmod(| A””,l) (3)

where (p,, is defined in (1) and dg,, = s; —ry,.
The above model provides a general expression for hy,, that
allows to quantify its channel gain in the so-called radiative

IThe analysis can be extended to other polarization dimensions (e.g., linear
combination of X and Y polarizations).
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Fig. 2. Difference in the amplitude (left axis) and phase (right axis) between
the exact model and the FF approximation.

NF of the array [10], [11].2 Since it captures the funda-
mental properties of wave propagation, we call it the exact
model. Notice that it is substantially different from the classi-
cal FF model, e.g., [3], that assumes locally planar wavefronts
over arrays and is valid for distances beyond the Fraunhofer
distance dp = 2(L} + L2)/A [12, eq. 3)].

Corollary 3 (FF Approximation): If UE k is in the FF
region of the array, i.e., djcosyy > max(Ly, Ly), then
hiy, = h}jf with hgf = h};LF |e_1¢’m being modeled as

| Acosyy
) and?

where k(op,0,) = 2T”[cos 0, sin gy, sin By, cos by, cos py,
is the wave vector, e.g., [13].

We notice that the propagation channel in MIMO systems
has been almost exclusively modeled as in Corollary 3. For
modern arrays of cellular networks® of size 1 x 0.5 m2, this
is a justified assumption when sub—6 GHz bands are used. In
this case, dp < 50m and, thus, most receivers are in the FF
of the transmitter. The situation changes substantially in the
frequency range 30-300 GHz, in which dp > 250 m, and typ-
ical operating distances are entirely below it. This implies that
the FF approximation cannot be used, and the exact propaga-
tion model derived in Corollary 1 must be considered instead.
As is known, the radiative NF can create both noticeable
amplitude variations and phase variations over the wavefront.
To measure the impact of such variations, Fig. 2 reports the
results for Ly = 0.5m, Iy = 1.0m, A = ()\/4)2, dy = 0.5,
and dy = 2, considering a UE located at 30 m from the base
station (BS), which is elevated by 10 m. Amplitude variations
are reported with dotted lines (using the left axis), whereas
phase variations are represented by the solid lines (using the
right axis). While the amplitude variations are negligible, the
phase variations are significant, particularly when the carrier
frequency increases. Please note that this may not hold true if

oEE =k (o, 0p)rn @

]T

2Throughout this letter, we assume ||dj,|| >> A, so that the system,
although in the NF region of the array, does not operate in the reactive NF
of the transmit antenna (see [10], [11] for details).

3For instance, the Ericsson AIR 6419 product that contains 64 antenna-
integrated radios in a box that is roughly 1 x 0.5 m? [14].
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the array size grows. Particularly, amplitude variations should
be taken into account if one is interested in the asymptotic
analysis of the system.

Note that the model in Corollary 1 is also accurate in the
FF, thus there is no need to determine beforehand if the com-
munication scenario is in the radiative NF region or not. Note
that the above discussion does not require the use of physi-
cally large arrays (cf. [15], in which the array size is in the
order of some squared meters), but holds true for currently
available commercially-sized arrays, e.g., in the order of half-
a-meter wide and height. What matters is the size relative to
the wavelength, the so-called electromagnetic size.

B. System Model

We consider the uplink, in which the received signal is mod-
eled as y € CV = Zle hy sy + n, where s ~ Nc(0, pg)
is the data from UE k and n € CV is the thermal noise with
iid. elements distributed as N¢(0,02). To decode sj, y is
processed with the combining vector v € cN. By treating
the interference as noise, the spectral efficiency (SE) for UE
k is logo (1 + vy ), where

2
Dk ]v,‘;’hk\ )
Tk =
iz pil vER|” + 0w

is the signal-to-interference-plus-noise ratio (SINR). We con-
sider both MR and MMSE combining. MR has low compu-
tational complexity and maximizes the power of the desired
signal, but neglects interference. MMSE has higher complexity
but it maximizes the SINR in (5). Other suboptimal schemes,
e.g., zero-forcing, are not considered for space limitation. In

the first case, V%R = hy/|/hg]||, while in the second case
K -1
vHIMSE _ (Z pih;h + 521 N) hy, (6)
i=1

with Iy being the identity matrix of order N.

The vast majority of MIMO literature for high frequencies
(e.g., in the mm-Wave bands) rely on the FF approximation
in Corollary 3 and, instead of estimating h; directly, esti-
mate the three parameters {dy, 0}, ¢y }. The latter are used to
estimate {th; k =1,..., K} through (4), which are even-
tually used to compute the combiner. If the communication
scenario is in the radiative NF region, then the system oper-
ates inevitably in a mismatched mode, no matter how good
{d}, 0%, ¢ } have been estimated. From the above discussion,
it thus follows that the combining vectors {vj}2 | can in
practice follow either the exact model defined in Corollary 2
or the FF approximation defined in Corollary 3. The aim of
this letter is to quantify the impact of such inaccurate channel
modeling.

II1. THE IMPACT OF A MISMATCHED DESIGN

We assume that the BS is located at a height of » = 10m.
We further assume the following parameters, in line with the
form factor of current 5G arrays: Ly = 0.5m, Ly = 1.0m,
A = (M4)2, dy = 0.5\ and dy = 2)\. The communica-
tion takes places over a bandwidth of B = 100 MHz, with the
total receiver noise power o2 = —87 dBm. Each UE transmits
with power p;, = 20dBm Vk. We assume a carrier frequency
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Fig. 3. Normalized channel gain |v'1'|h1|2/|\v1||2 as a function of the

distance of UE 1 along Z axis.

of fo = 28 GHz such that A\ = 10.71mm, Ny = 62, and
Ny = 42, to focus on a 5G hot-spot scenario. When rele-
vant, throughout this letter, we also consider higher carrier
frequencies that cover future use cases and scenarios.

A. Channel Gain

We assume UE 1 to be located along the Z axis with coordi-
nates s; = [0, —b, d]T. In Fig. 3, the dashed black line reports
the normalized channel gain |vi'hy |2/||vy||? achieved with the
exact model, whereas solid lines correspond to the channel
gain measured with the combiners based on the FF model.
Particularly, cyan and blue lines refers to the cases fy = 5 GHz
and fy = 28 GHz, respectively, whereas the red and the green
lines refer to fy = 71 GHz and fy = 300 GHz, respectively.
Markers correspond to the Fraunhofer distances, obtained as
dp = 2(L{ + LY)/X [12, eq. (3)]. For fy = 300GHsz,
dr = 2.5km falls outside the selected range.

We see that, thanks to the large values of N, the channel
gain with the exact model depends very weakly on the car-
rier frequency (a difference of at most 0.3 dB between 5 and
300 GHz at the local maximum of the curve), and we thus only
report one line, for clarity. The same channel gain is achieved
with the mismatched model only for sub-6 GHz frequencies,
irrespective of the distance. This validates the accuracy of the
FF approximation for such frequency bands. On the contrary, if
higher frequencies are considered, then large differences are
observed for transmission ranges below the Fraunhofer dis-
tance. This is a direct consequence of the inaccuracy of the
FF approximation in the Fresnel region. The gap increases as
fo increases. Interestingly, we observe that, for transmission
ranges of practical interest (up to a hundred of meters), it
is significant already for fy > 71 GHz. Finally, note that the
normalized channel gain is not monotonically decreasing as
the distance from the BS increases, but shows a local maxi-
mum. This is due to the specific choice of the BS height b:
when the UE is too close to the BS, the smaller path loss is
overwhelmed by the loss due to the array directivity at larger
elevations. Thus, the local maximum increases as b increases.

B. Interference Gain

We now analyze the normalized interference gain
|v'1"h2\2 /|lv1]|? with the exact and mismatched models. We
assume UE 1 is placed at a fixed position along the Z axis
[0, —10m, +20m]T, whereas the interfering UE 2 is
transmitting from different locations sy = [z, —10m, 2]

S1 =
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Fig. 4. Interference gain behavior using the exact model for a fixed UE as

a function of different locations of an interfering UE.

(at the same height as UE 1). We assume fy = 28 GHz and
consider both MR and MMSE. Note that, at fy = 28 GHz,
dp = 233.3m, and hence both UEs are in the NF region.

Fig. 4 reports the normalized gain with the exact model.
MMSE and MR combining are used in Figs. 4(a) and 4(b),
respectively. Each figure contains a magnification around UE
1’s location, in which the relative distance of UE 2 from UE 1
is measured in A (for a total span of around 0.11 x 0.11m?).
Fig. 4(a) shows that the interference with MMSE is high only
in a small region around UE 1, whose semi-major axis (along
both directions) is fractions of A. This means that MMSE
can efficiently reject any interference that comes from a loca-
tion that is at least a few centimeters away. On the contrary,
Fig. 4(b) shows that MR experiences high interference from
locations that are either along the Z direction or along a
semi-circle with radius equal to the distance of UE 1.

Fig. 5 plots the results obtained with the mismatched model.
Unlike Fig. 4, we now see that the interference gain with
the two combining strategies exhibits a similar behaviour. The
impact of the mismatched model is particularly evident with
the MMSE combiner. In particular, we observe that the lower
values of the interference gain are at least three orders of mag-
nitude higher than those in Fig. 4 (note that the same colorbar
scale is used in all figures, including the magnifications). The
conclusion is that MMSE can suppress interference much more
efficiently when used with the exact model, whereas MR is
greatly suboptimal in both cases.

C. Spectral Efficiency Analysis

We now evaluate the SE of a single-cell network, assuming
that K UEs are randomly displaced in the sector [—7/3, +7/3)
with a minimum distance of 15m from BS.
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Fig. 5. Interference gain behavior using the mismatched model for a fixed
UE as a function of different locations of an interfering UE.

Fig. 6 reports the cumulative distribution function (CDF) of
the SE achieved by MMSE and MR when the carrier frequency
is fy = 5 GHz, 28 GHz, and 71 GHz. The number of UEs is
K = 100, and the cell radius is R = 230m, which corre-
sponds approximately to the Fraunhofer distance at 28 GHz,
and is in line with current 5G cell sizes. The dashed and solid
refer to the results obtained with the exact and mismatched
model, respectively. Let us focus on the results of Fig. 6(a),
obtained with the MMSE combiner. For all frequencies, the
performance using the exact model to build the combiner
is much better than the one obtained with the mismatched
model. However, increasing the carrier frequency has a two-
fold beneficial impact on the SE. On the one hand, the average
SE increases as fy increases. On the other hand, the CDF
with the exact model exhibits a steeper behavior, meaning
that more fairness across the UE positions is guaranteed.
The conclusion is that the use of the exact model dramat-
ically improves the interference suppression capabilities of
MMSE combining. This is not the case with MR combining.
Indeed, Fig. 6(b) shows that only marginal differences exist
between exact and mismatched models, including the fairness
properties.

A similar conclusion can be drawn in Fig. 7(a), which
collects the CDFs for the SE achieved by MMSE and MR
combiners for a variable number of UEs (K = 50, 100, and
150) when fy = 28 GHz and R = 230 m. The results are only
marginally affected by the number of UEs when the exact
model is used (dashed lines). This is not true for the combin-
ers based on the mismatched model (solid lines) and/or based
on MR combining (not reported here for the sake of brevity,
as, similarly to Fig. 6(b), both models provide very simi-
lar results when using MR combining). The same conclusion
applies on the fairness performance, which is guaranteed
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Fig. 7. Impact of the number of active UEs on the SE performance.
by the usage of MMSE combining based on the exact
model.

To further quantify the benefits brought by MMSE combin-
ing with the exact model, Fig. 7(b) provides the average SE per
UE as a function of K. The cell sector radius R is 230 m, and
the carrier frequency is fo = 28 GHz. As can be seen, the gap
between the exact and mismatched models is very significant.
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Moreover, the SE maintains nearly flat as K increases up to
K = 100, which translates into a density of around 1500
devices/km? per channel use, as requested in 5G [9]. Note that
the excellent interference suppression capabilities let MMSE
based on the exact model maintain the gap with other schemes
when K reaches very large values. The same trend is confirmed
when measuring the average SE per UE as a function of R (not
reported for the sake of brevity): the performance gap using
current 5G frequencies is very significant for R < 50 m, and
even more significant when considering sub-THz frequencies
and smaller cell sizes.

IV. CONCLUSION

The main conclusion of this letter is that it is time for
multi-user MIMO communication theorists to abandon the
FF approximation when considering carrier frequencies above
6 GHz. We instead need to consider more complicated channel
models that capture the radiative NF characteristics, in particu-
lar concerning the spherical phase variations. This also affects
beamforming codebooks. We showed that interference-aware
combining schemes based on the radiative NF model can
effectively exploit the extra degrees-of-freedom offered by the
propagation channel to deal with interference so as to enhance
the scalability (in terms of number of UEs) and fairness of
the system. This applies already to 5G multi-user MIMO
communications above 6 GHz (e.g., in the range of mm-
Wave bands), and will be further exacerbated by beyond-5G
communications, operating in the sub-THz spectrum.
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