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Multi-User Digital Beamforming Based on Path
Angle Information for mm-Wave MIMO Systems
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* Lebanese University, Faculty of Engineering, Tripoli, Lebanon
T IMT Atlantique, Electronics Department, CNRS UMR 6285 Lab-STICC, Brest, France

Abstract—In millimeter-wave wireless communications, beam-
forming, also known as beamsteering is a promising technique
that enables the base station, with a large number of antennas,
to mitigate the tremendous path loss. This paper aims to
assess the performance of two digital beamformers, namely,
conjugate beamforming (CB) and digital beamsteering (DBS) in a
millimeter-wave environment based on geometric aspects, such as
the antenna array topology or the location of the user in the cell.
The realistic channel model NYUSIM, from New York University,
reproduces a mono- and multi-path urban scenario. We show
that DBS, with only line-of-sight path angle information at the
transmitter, outperforms CB, with full channel state information
at the transmitter, in mono-path environment. However, in multi-
path scenario, DBS is not able to exploit the diversity of non-
line-of-sight paths and CB outperforms DBS.

Index Terms—Beamforming, multi-user, MIMO, millimeter-
wave, antenna array.

I. INTRODUCTION

The demands of cellular data traffic grow faster and faster in
addition to the appearance of bandwidth-hungry applications
[1], [2]. The spectrum below 6-GHz is already congested
and the available bandwidth is not sufficient to fulfill these
requirements. Subsequently, the next generation of wireless
communication systems migrates toward the higher frequency
bands - also known as millimeter-wave (mmWave) bands -
with large chunks of wide bandwidth available to achieve high
data rates [1], [3].

Massive multiple-input multiple-output (m-MIMO) can fur-
ther boost the spectrum efficiency, by extensively exploiting
the spatial diversity coming from the employment of massive
antennas (dozens or hundreds) [2], [3]. With the tiny wave-
length of those frequencies, massive antenna elements can be
packed within a small form factor. Moreover, they provide an
adequate spatial gain to overcome the severe mmWave path
loss [4]. Therefore, beamforming (BF) with high-directional
array is investigated as an appealing technique in mmWave
wireless system [4], [5].

Digital BF (DBF) techniques are widely adopted for single-
user and multi-user systems. However, implementing m-
MIMO with fully DBF at mmWave frequencies poses many
challenging issues: energy consumption, complexity and cost
[4]. Recently, to overcome the high energy consumption of
the front ends of mmWave system, solutions as low resolution
digital-to-analog converters have been proposed in [6].

In this paper, we focus on the reduction of the complex-
ity, by using a constant-envelope precoder, known as digital

beamsteering (DBS) [7]. Based on a geometric partial channel
state information at the transmitter (CSIT), mainly the angle
of the line-of-sight (LOS) path and using only digital phase
shifters, DBS forms and steers a beam toward the desired user.
Unlike prior work that adopts a simplified mmWave channel
model [7], the realistic channel model NYUSIM from New
York University is considered in an urban scenario [8]-[10].
It also provides 2D and 3D channel models using different
antenna array configurations (AACs), namely uniform linear
array (ULA) and uniform planar array (UPA). As a reference,
we consider conjugate beamforming (CB) that maximizes the
BF gain at the desired user, based on full CSIT [11], [12].
Performance is assessed in terms of sum-rate. 2D spatial
representations of beams, user paths and locations for some
realizations illustrate the performance results.

The rest of the paper is structured as follows. Section II in-
troduces the system model. Section III presents the derivations
of sum-rate in mono- and multi-path environments. Section IV
provides the numerical results in terms of sum-rates for CB
and DBS with NYUSIM channel simulator. Finally, Section
V concludes the paper .

We use the following notations: A is a matrix, a is a vector,
a is a scalar, (.)7 and (.)¥ stand for the transpose and the
Hermitian transpose, respectively. A @ B is the Kronecker
product of A and B. A(y,0?) denotes a Gaussian random
vector with mean 4 and variance o®. A(i,j) is the (i,j)-th
entry of A in the i-th row and j-th column.

II. SYSTEM MODEL

We consider a mmWave m-MU-MIMO system, where a
base station (BS) with M = Mpygx x My transmit antennas
serves K single-antenna user equipments (UEs). Mg and My,
denote the number of horizontal and vertical BS antennas.
Moreover, we assume that K < M, generally considered in
m-MIMO systems.

BS applies a fully digital beamforming W € CM*X | and
thereby the received signal y € CX*1 can be defined as:

y=+7HWs+n=HW,s+n (1)

where s € CE*! contains the data symbol of all UEs, H =
W] h] - h%]T € CK*M js the MU-MIMO channel
matrix, n € CK*1 ig the additive white Gaussian noise with
n~ N(0,02) and n = m is the normalization factor
that eliminates the beamforming effect on the transmission
power.
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Fig. 1: Cell downlink MU-MIMO system.

We assume a narrowband multi-path channel for each UE.
Thus, the channel hy, of the k-th UE (UEy) is given by [13]:
Ny, . .
b =) g ne??map(®pn)al (On) 0]
n=1
where ar and ap denote the transmit and receive array steering
vectors, N the number of paths in UEj channel, ¢y, and
ay,.n the phase and the amplitude of the n-th path in UEj
channel, 6, = (0%, P..,) and By, = (05> Pr) the
vectors of azimuth and elevation angle of departure (AOD)
and angle of arrival (AOA), respectively. All these parameters
are generated by NYUSIM simulator. Note that the angles
0 and ¢ in (z,y,z) are represented as shown in Fig. 1. We
consider a far-field assumption and the use of omnidirectional
antenna pattern.
As each UE has a single antenna, then aR(tf)km,) = 1. In
the rest of this paper, we will use ay, ,, instead of aT(ékm).
Therefore, the channel vector hy € C**M can be given by:
N
hy = Zakmej“”’“"afm (3)
n=1
A. 2-D and 3-D array steering vector
The transmit antenna array is characterized by the array
steering vector a.
When BS adopts a uniform linear antenna array, the channel
model is represented in 2D and a(6) = a(g) € CM*! is a
function of the angular direction 6 of the plane wave. For an
horizontal ULA array along x-axis, a(f) can be written as:

3(9) _ |:17 6j27r% cos(0)’ L 7€j27r(M71)% 003(9)]T @)

However, in 3D channel model with uniform planar array
located in zoz plane, a(f, ¢) = a,, (0, ¢) ®ac(¢) is a function
of azimuth angle # and elevation angle ¢ with:

a,(0,0) = {1’ eI2m % cos(6) sin(¢)’ .. ’€j27r(MH—1)§ cos(0) Sin(¢)J T
S)

. . T
ael(¢) — |:1’ e‘7271'% cos(d))7 L. ,63277(1\4‘/71)% cos(¢):| (6)

where d is the inter-element spacing distance and A is the
wavelength.

B. Fully digital beamforming

1) Conjugate beamforming (CB): CB maximizes the beam-
forming gain at the intended UE, using full CSIT. The CB
beamformer is given by [12]:

W =H" (7

The precoder envelope depends on H. This directly impacts
the peak-to-average power ratio (PAPR) of the waveform.
Moreover, CB needs instantaneous full CSIT, i.e. the channel
matrix H. This will impact the rate of feedback link.

2) Digital beamsteering (DBS): DBS forms and steers a
beam toward the intended UE using digital phase shifters. The
DBS beamformer is based on the steering matrix A € CM*X
corresponding to the LOS path, i.e., the path with highest
power, labeled by n =1 [7]:

WPBS — A1 os (8)
ak1] )

The precoder envelope is constant. Thus, the PAPR is mini-
mized and the energy efficiency of the amplifier is optimized.
DBS is only based on the angle information of the LOS path
of UE,, i.e., ék,L This angle can be estimated using different
beam-training strategies. This clearly shows that DBS needs
less feedback rate than CB.

A= [31,1 a1

III. SUM-RATE IN MONO- AND MULTI-PATH ENVIRONMENT
The sum-rate R is adopted as the performance metric in
our work and is calculated as:
K K

Ry =) Rip=) log,(1+SINRy)
k=1 k=1

(10)

where Rj; and SINRj are the rate and the signal-to-
interference-plus-noise ratio achieved at UEy, respectively.

K 2
HW)(..
e = logy [ 14— VIHWGs) (11)
= > IVIHW) (1 0|2 + 02
u=1
ustk

A. Mono-path environment

Since one line-of-sight (LOS) path exists, we will use ay,
¢r and a, Yk € {1,..., K} instead of oy 1, ¢r1 and a ;.
Thus, (3) can be expressed as: hy = ozkej‘”kaf.

The DBS and CB beamforming matrix will be written as:

WDPBS — [y ar| (12)

WO = [age77¢1a; age IR a] (13)

In mono-path environment, DBS generates a directional beam
toward the intended UE with uniformly distributed power
among all UEs. However, CB forms a directional beam toward



each UE with different power allocation and phase shift, based
on their channel gains. In other words, the beam steered to the
strongest UE (i.e., with the strongest channel gain) carries the
greatest beamforming power.

SINR? BS can be written as:

SINRPBS — n7P o lag a|? (14)
K
Du—turn NP0 o au]? + o}
H 2
a; a
SINRPBS = 2, 2| (15)

K 2
Zu:l,u;ﬁk |akHaU|2 + anigai

And, SINRkCB can be written as:

CBA|aHg |2
n Q. |ay, ag
SINRkCB: K CB % Q‘H 2 2 (16)
Zuzl,u#n (ara)?lay ayl? + o7
H, |2
a;’a
SINRGP = —— (lak;‘ — (17)
_ Zylafla,|? + 5
u=lu#k of 1k Su n“Basi

The interference factor j3y ., is defined as i, = af a,. For
CB and DBS, the interference at UE; is caused by the beams
%enerated toward other UEs (UE,,, Yu # k), with éu close to
Of. )
Moreover, for CB, this interference depends on Sy as

shown in (17). For instance, if UEk2has a strong channel gain

and UE, has a weak one, then Z—g < 1 and UE, has low
interference impact on UEg. In con{crast, when applying DBS,
the interference term does not depend on the channel gain of
UEs, as shown in (15), and therefore the inter-user interference
only depends on the proximity of ék and C:)u, independently
of their channel gain.

B. Multi-path environment
The DBS beamforming matrix is obtained based on the LOS
path, labeled by n = 1 as:

WPBS — A = [31,1 a aK,l} (18)

And, the beamforming matrix of CB can be written as:

Ny
WCEB — E a1 .n€ le'nal,n Zn:l K n€ KA,
n=1

superposition of multiple beams

(19)
In multi-path environment, DBS generates a single beam
directed toward each UE with uniform power allocation.
However, CB generates multiple beams toward each UE in
the directions of all paths with different beamforming power
according to their channel gains as shown in (19).
Thus, SINRkD BS can be written as:

Ny,
H ion n o H
Qg1 k1 + E apne’PErap ag

DBS n=2
SINRPS = ~— 5

Ny
§ § j H o2
ak,n,SJWk’”ak7naqL,1 + nDBS

u=1,u#k | n=1
(20)

And, SINRkCB can be written as:

SINR{E =
Ni Ni

Ni 2 H i(Prm—P Vo H
2ot Ok Ay pAknt Ak, nog,me’ TRn TR mia ag .,

n=1n#m m=1

K Ni Ny

2
j(‘Pk n*‘Pu,'m,) H U?L
QA nQu,me il a; ,8u,m +nCB

u=1,u#k|n=1m=1

In multi-path environment, for DBS, the interference factor is
defined as B un = akH} nay,1. Thus the interference is due to
the LOS beam a,, ; of UE, (Vu # k), that interferes with all
the multi paths of UEy, represented by akH, - The interference
is high if ék,n is close to éwl. Accordingly, even if all UEs
are not located in the same direction, there is an interference
coming from the non-LOS (NLOS) paths.

In case of CB, the interference factor is defined as
Brunm = agnauym. So the interference results from the
collision of multiple beams a,, ,,, generated at each UE,, with
all paths aﬁ , Of UEg, channel. It also depends on their channel
gains as shown in (21).

Moreover, for DBS, the received power, observed at the
numerator in (20), depends on the received power of the LOS
path amakH’lak,l = ay,1 M plus the effect of paths in the
vicinity of the LOS path, i.e., such that aﬁnam is close
to M. In contrast, for CB, the received powér comes from
the received power a7 ,al ay , for each path of UE; plus
the effect of paths that are close to each other. Here, we
can conclude that DBS lacks the potentiality of NLOS paths
contrary to CB, and loses some of the radiated energy.

IV. NUMERICAL RESULTS
TABLE I: Simulation parameters

[[ Parameters [ Value 1]
Carrier frequency 28 [GHz]
Channel bandwidth 20 [MHz]
Cell radius 100 [m)]
Antenna separation distance wavelength/2
Transmission power 30 [dBm]
Noise power -100.9178 [dBm]

In this section, the performance of DBS and CB, in terms
of sum-rate, is provided in urban mono- and multi-path en-
vironments. We assume that BS uses different AACs with 64
antennas: ULA, UPA with My = 32 and UPA with My = 16.
System parameters used for performance assessment are listed
in Table I. We consider perfect CSIT, i.e. perfect channel
estimation at the receiver and perfect instantaneous channel
feedback. The temporal and spatial parameters are generated
using NYUSIM. The NYUSIM channel model is built based
on extensive mmWave measurements in various outdoor urban
and rural environments, and is developed using the time
cluster-spatial lobe approach. NYUSIM generates distance and
angles of each user according to statistical distributions. The
sum-rate is averaged over 2000 channel realizations.

ey
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Fig. 2: Sum-rate achieved by mmWave m-MU-MIMO system using
DBS and CB in mono-path environment.

In Fig. 2, the system sum-rate with either DBS or CB is
presented as a function of the number of simultaneously served
users in mono-path environment, with different AAC. This
figure shows clearly that DBS outperforms CB in mono-path
environment using either ULA or UPA.

In order to illustrate the spatial behavior of both beamform-
ers, the spatial distribution on the zoy plane of five UEs served
simultaneously by ULA array and their beam patterns, using
DBS, are represented in Fig. 3 for two realizations. Moreover,
it is worth noting as well that the beam patterns in Fig. 3
only give a view of the beamwidth and the steering direction,
without any relation between the scale and the beam power.
The first realization corresponds to the case where there is
inter-user interference, whereas UEs are well separated from
each other in the second realization. Moreover, the rate Ry
and the channel gain oy, of UE; with k = {1,2,3,4,5} are
summarized in Table II.

In the first realization, as seen in Fig. 3a, UE; and UE, are
not close to any other UEs, and therefore their rates are high,
as seen in Table II, using both DBS and CB. For DBS, their
rates are almost equal, while UE; has a greater rate than UE4
for CB, since oy > a4. UEs is located between UE3 and UEs.
Actually, as UE5 has the strongest channel gain, while UE,
and UE;3; have weak channel gains, the rates RQC B (= 0.3) and
R??B (= 0.8) are very low whereas R5CB (= 10.5) is very high.
For DBS, the inter-user interference significantly decreases the
rate of UE5, RPP9 (= 4.3).

In the second realization, UEs are well separated. From
Table II, we can see that the rate of each UE is approximately
the same when using DBS, whereas using CB, the higher the
user channel gain is, the greater the achieved rate is.

In summary, these two realizations illustrate the fact that
DBS gives a moderate rate for each UE independently of
its channel gain, whereas CB reinforces the strong UEs and

TABLE II: System sum-rate, rate and channel gain of each UE for
two different realizations where five UEs are served simultaneously
with ULA in mono-path environment.

[ First realization

l

. UE2 UE3 (ma- UE4 UEs (yel-
metric UE, (red) (green) genta) (blue) low)
;3;5 s || 99 42 5.8 9.6 43
rate 9.8 03 0.8 8 10.5
Rk
channel | 3. 6 1.4e-7 5.6e-8 4.8¢-7 1.1e-5
gain oy,

Sum-rate Rpps = 33.8 , Rcp = 29.4

Second realization
l
;3;5 s || 103 9.5 9.2 9.3 9.6
?CCB 10.1 75 8.4 10.7 10
k

channel )3 5, 7 9.8¢-8 3 e-7 7.5¢-7 3.5¢-7
gain ay,

Sum-rate Rpps = 47.9 , Rop = 46.7

270

(b) Second realization

Fig. 3: Azimuth representation of the spatial distribution of UEs (*),
on the zoy plane, with their ULA beam patterns, using DBS for the
two realizations in mono-path environment. Each UE is illustrated by
a colored * and its corresponding beam has the same color. Note that
the scale corresponds to the separation distance between UEs and BS
in meter, where BS is located at the center of the circle.
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Fig. 4: Sum-rate achieved by mmWave m-MU-MIMO system using 61
DBS and CB in multi-path environment. 4 |Los path of UE, LOS path of UE,
marginalizes the weak UEs, as already explained in Section
II-A. 2f
B. Multi-path environment o | LOSpathof U 05 path of UEs
In multi-path environment, the number of paths Ny in UEj LOS path of UE /
channel follows a uniform distribution ranging from 2 to 30 as 2
described in [9], and all paths belong to the same time-cluster al
(narrowband channel assumption).
In Fig. 4, the system sum-rate with either DBS or CB 6f
is presented as a function of the number of simultaneously LOS path of UE,
served users in multi-path environment, with different AAC. d LOS path of UE,
We can see that the sum-rate R$? is always larger than R2BS 10 T

when using UPA. However, when BS adopts ULA, DBS is
better than CB as long as K < 15, and CB becomes better
afterwards.

To illustrate the sum-rate results, seven UEs served si-
multaneously are considered by applying ULA and UPA
(Mpy = 16). For this realization and for each UE, the spatial
distributions of paths, on the xoy plane, are represented in Fig.
5. The LOS path of each UE determines the direction of the
UE position. This is corroborated by the spatial distributions
of the seven UEs, on the xoy plane, represented in Fig. 6,
with their beam patterns obtained by applying ULA and DBS.
In Fig. 6, the same note, about scale and beam pattern, as
in Fig. 3, is considered. The achievable rate of each UE is
summarized in Table III.

First, as shown in Fig. 6, UEs are well separated in space.
Therefore, since DBS generates a single beam toward each UE,
these beams are also well separated. Second, when applying
ULA with 64 antennas, the generated beams are very narrow,
as shown in Fig. 6. Thanks to these narrow beams, on Fig.
5, we observe that, except for UEg, the NLOS paths of each
user weakly interfere with the other UE beams that are in the
direction of user LOS path. Thus, with ULA, DBS provides
interesting sum-rate as seen in Table III, with RPBS (= 40.3)
larger than RS2 (= 27.8). Similar results are shown in Fig. 4,
where, DBS is better than CB as long as K < 15 with ULA.

-8 -6 -4 -2 0 2 4 6

Fig. 5: Azimuth representation of the spatial distribution of paths,
on the zoy plane, for one realization in multi-path environment. All
paths belonging to the same UE channel are identified by the same
color. The used scale corresponds to their channel gain.
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Fig. 6: Azimuth representation of the spatial distribution of UEs
(*), on the zoy plane, with their ULA beam patterns, using DBS,
for one realization. Each UE is illustrated by a colored * and its
corresponding beam has the same color.

Let’s now observe the performance of DBS when applying
UPA instead of ULA, in Fig. 4. ULA provides the best



performance since its azimuthal resolution is able to discrim-
inate the users spatially. With UPA, the number of horizontal
antennas and so its azimuthal resolution decreases, creating
more inter-user interference. For ULA, thanks to a narrow
beam, the NLOS of UE; (red) do not interfere with the beam
of UE3 (magenta). However, for UPA, with wider beams, the
interference increases and we observe a significant degradation
of the rate from RPBS (=6.4), for ULA, to RPB% (=1.5), for
UPA, as seen in Table III. The same explication holds for the
significant degradation of rate for UE3, UE, and UE7, when
using DBS and passing from ULA to UPA.

Obviously, there is also a degradation of the CB sum-rate
when passing from ULA to UPA due to wider beamwidth.
However, this degradation is less than that of DBS sum-rate,
and thus CB outperforms DBS for UPA, as illustrated in Fig.
4.1In Table I1I, REBS (= 15.1) is less than R$P (= 19.1) when
applying a UPA array with My = 16. This is mainly because
DBS misses the potentiality of NLOS paths, while CB exploits
their spatial diversity, as explained in Section III-B.

From Fig. 4, we can see that the sum-rate of DBS is flat
from a certain value of K, depending on the number of
horizontal antennas, i.e., the azimuth beamwidth. However,
the sum-rate of CB still increases when more UEs are served
simultaneously. Indeed, for DBS, first, if more UEs are served
by BS, then more paths exist, and the interference coming from
those paths (NLOS or LOS) increases. Second, DBS lacks the
NLOS paths potentiality in terms of radiated energy.

The performance of classical beamformer such as zero forc-
ing (ZF) that eliminates the inter-user interference, decreases
at some point with an increasing number of UEs [14], while
the sum-rate of both DBS and CB monotonously increase as
shown in Fig. 2 and Fig. 4. Indeed, when more UEs are
served simultaneously, ZF fails to eliminate the inter-user
interference, and thus its performance degrades, while DBS
and CB still achieve their goals.

V. CONCLUSION

In this paper, we considered multi-user digital beamform-
ing in mmWave MIMO systems implemented by dozens of
antennas. Unlike prior work, our evaluation is done using a
realistic channel model generated by NYUSIM able to provide
path angle information in an urban scenario. We first explored
the theoretical derivation of sum-rate for DBS and CB in
mono- and multi-path environments. Therefore, while relying
on simulations based on geometric aspects, we have obtained
the following results:

o In mono-path environment, DBS gives a moderate rate
for each user, while CB reinforces the strong users and
marginalizes the weak ones.

e In multi-path environment, for DBS, even when users
are well separated in space, there is an interference
coming from the NLOS paths. Besides, CB maximizes
the BF gain by exploiting the diversity of NLOS paths
whereas DBS lacks their potentiality and loses some of
the radiated energy.

o The number of users, that DBS can serve simultaneously
in multi-path channel, is constrained by the number of
horizontal antennas, i.e., the azimuth beamwidth.

Finally, DBS is an appealing beamformer for mmWave mas-
sive MIMO systems in terms of complexity and channel feed-
back. However, it needs to be coupled to another interference
management scheme to overcome its low performance when
the number of users increases in the cell.
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