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Joint Beamwidth and Number of Concurrent Beams
Estimation in Downlink mmWave Communications

Nancy Varshney and Swades De
Department of Electrical Engineering and Bharti School of Telecommunication

Indian Institute of Technology Delhi, New Delhi 110016, India

Abstract—This paper proposes a sectored-cell framework for
mmWave communication. It consists of multiple concurrent
beams generated from a partially-connected hybrid precoder at
an eNodeB (eNB) to serve a dense user population in urban
scenarios. Multiple beams sweep the cell in a round-robin
fashion to serve the sectors with fair scheduling opportunities.
Each beam serves all the users located within a sector using
orthogonal frequency division multiple access. We aim to estimate
an optimum beamwidth and an optimum number of beams
required to maximize the average of long-run user rates with a
given power budget for transmission and hardware consumption
at the eNB. Simulation results demonstrate that employing higher
beams increases the side-lobe interference still, the achievable
average long-run user rate improves on account of longer sector
sojourn time and higher frequency reuse. On the other hand,
employing a very narrow beam is also not optimal.

Index Terms—mmWave communications, beamforming, con-
current beams, interference, optimal beamwidth, scheduling

I. INTRODUCTION

For fifth and higher generation wireless networks
millimeter-wave (mmWave) frequencies offer increased spec-
trum availability to meet the anticipated high data demands.
In mmWave wireless communication, antenna beamforming
is deployed to overcome high attenuation losses. A large
number of antenna elements result in a narrow beam pattern of
high directivity and reduced beam footprint. Therefore, hybrid
beamforming has been proposed in the literature to enable
concurrent transmissions using highly directed beams.

Hybrid transceiver structure divides the processing between
analog beamforming at radio frequency (RF) level and dig-
ital beamforming at baseband level to reduce the required
number of RF chains NRF . It allows spatial time division
multiple access in which each user (UE) gets a dedicated
link of the data stream with an improved signal-to-noise ratio.
Hybrid beamforming structure is of two types. One is a fully
connected structure in which each antenna array element is
connected to all the RF units and the other is the partially
connected (or sub-array) structure in which each RF unit is
connected only to a subset of antenna array elements. To
exploit the benefits of narrow beams in achieving maximum
throughput over every link and for the network, usage of
massive MIMO is envisioned at mmWaves [1]. However,
a large number of concurrent beams in massive MIMO is
associated with high power consumption and signaling and
computational overheads [2]. A majority of work at mmWave
communications have extensively investigated various hybrid

beamforming designs for narrowband and wideband mmWave
channel for single as well as multi-user scenario.

A. Related work and motivation

In the fully-connected hybrid beamforming structure, the
joint estimation of optimal baseband and optimal RF precoding
matrix to maximize spectral efficiency and reduce inter-beam
interference is a Non-deterministic Polynomial-time (NP)-hard
optimization problem [3]. Also, the precoding complexity
grows exponentially with increasing UE density. Neverthe-
less, sub-array hybrid beamforming is a competent design
at mmWaves communication [4]. However, the high power
consumption associated per RF chain is a major limitation in
the deployment of such systems to serve high UE population
with a dedicated link to each in the urban micro (UMi)
environment.

The work in [5] proposed to allocate the wideband channel
to the same UE by considering a high correlation among
subcahnnels leveraging sparsity of mmWave channel. How-
ever, the authors did not consider the beam-squint factor of
large antenna arrays into the analysis [6]. Nonetheless, the
mmWave channels show frequency-selective nature because
of the huge bandwidth range (on the order of giga-Hertz) as
well as the mobile environment. In [7], frequency-selective
mmWave wideband channel was proposed to be used such that
NRF RF units jointly serve U UEs per subchannel, requiring
NRF ≥ U . For sub-array design, in [8] the authors proposed
cross-entropy optimization for optimal analog precoder search.
A hybrid precoding design was proposed in [5] to maximize
the downlink sum-rate under a subcarrier power constraint.
This approach does not sufficiently exploit the spatial degree
of freedom resulting from narrow beamwidth. The authors
in [9] suggested iterative phase updates of RF precoder to
minimize the squared error between optimal full-baseband and
the hybrid design. All these works considered UE density,
M , in a wideband mmWave scenario such that M ≤ NRF ,
and the fact that each beam serves only one UE over the
wideband channel. However, the allocation of the whole
mmWave bandwidth to a single UE is not an optimal strategy.
Hence, due attention is required to utilize this frequency-
selective nature of mmWave channels for designing optimal
mmWave communications systems for a high-density multi-
user environment.

An increasing number of concurrent beams in a cell will
induce more interference at a UE. A RF precoder was designed



in [10] using block diagonalization to cancel the inter-user
interference. However, the maximum number of null directions
is limited by the available number of RF chains at the
baseband precoding stage, thereby setting a constraint on the
maximum number of scheduled UEs in an epoch. The work
in [11] suggested increasing transmit beamforming gain to
overcome inter-user interference. But, there is a limit on the
maximum radiation intensity. Hence, increasing the transmit
beamforming gain without any constraint is not practical.
Further, for high UE density scenario, i.e., U � NRF , UE
grouping methods were proposed in [12] and [13] that used
channel correlation and angle-of-departure (AoD) of the UEs,
respectively, to group them at the RF precoding stage. After
that, the data to the UEs is transmitted over the dominant
channel eigenmodes to reduce inter-user interference. Again,
these works assume a dedicated beam per UE at time.

To this end, we observe dedicating an RF unit along with the
entire spectrum to a single UE at a time in a UMi environment
is not advantageous from the spectral and energy efficiency
perspective. The preliminary work in [14] investigated the
optimum transmit beamwidth required to maximize system
performance when an eNB has a single RF chain. Therefore,
the analysis was devoid of inter-beam interference. As an
extension, in this paper, we analyse the behaviour of the
sectored-cell model employing multiple RF chains at the
eNB while incorporating the resulting inter-beam interference
analysis. To the best of our knowledge, the proposed system
model has not been studied in the literature yet.

B. Contribution

The key contributions are:

1. A novel system model is presented to serve multiple
UEs in the UMi scenario utilizing the frequency-selective
property of the mmWave channel using sub-array hybrid
beamforming design.

2. A optimization problem is formulated to jointly estimate
the optimum number of sectors and the optimum number
of concurrent beams that achieves maximum average
long-run UE rate for a given eNB power budget.

3. Also, a comparison of scheduling complexity of the
sectored-cell framework over the existing competitive
scheduling hybrid beamforming designs in the literature
is provided.

The advantages of using the proposed approach are:

(a) Codebook size contains only the weight vectors of phase-
shifters corresponding to fixed and limited steering di-
rections. This mitigates the problem of finding optimal
phase-shifter weights in hybrid precoding.

(b) Beam in each sector is able to serve multiple UEs in an
epoch. All UEs that are able to sense the beam in a sector
connect to the eNB. Hence, the computationally complex
eNB-UE beam pair search is not needed.

(c) Scheduling of UEs is computationally less complex.

S1

S2

S3S4

S5

S6

S7

S8

S9
S11

S10

S12

S1

S2

S3S4

S5

S6

S7

S8

S9
S10

S11

S12

B1

B2

B3

B4

B1B2

B3 B4

1st epoch 2nd epoch

Sector User eNB

Side-lobe interference

Fig. 1. Pictorial representation of round-robin scheduling of sectors in a cell
with S = 12 sectors represented as {S1, . . . , S12} and NRF = 4 beams
represented as {B1, B2, B3, B4}.

II. SYSTEM MODEL

We consider a small cell downlink mmWave system in
UMi environment. Let U be the number of single antenna
UEs uniformly distributed in the cell. We partition the cell
into S similar sectors. Let S be the set containing all pos-
sible values of S that a cell can be sectorized into, i.e.,
S = {S|S = d 2π

θ e, θmin ≤ θ ≤ θmax}. Here, θmin and
θmax are, respectively, the minimum and the maximum sector
beamwidth equivalent to half power beamwidth (HPBW) of a
beam formed with a uniform linear array (ULA). Let s and
K(s) denote the index of a sector, i.e., s = {1, 2, . . . , S} and
number of UEs located in sth sector such that

⋃
s∈S K(s) =

U , respectively, given a particular sectorization scheme S ∈ S.
At eNB beamforming is employed with NRF RF chains,

placed to cover entire 2π radians, that concurrently serve UEs
located in NRF out of S sectors in an epoch. We consider
that each RF unit is connected to a separate ULA (or a sub-
array) consisting of Nt antenna elements constituting a beam.
In an epoch of duration T , each beam serves all the UEs in
the corresponding sector using OFDM. The NRF concurrent
beams serve the sectors in a fashion such that during tth epoch
all the beams are distributed uniformly apart over 2π radians.
During the (t + 1)th epoch, all the concurrent beams switch
in either clockwise or anti-clockwise direction simultaneously
to serve the adjacent sectors. A schematic diagram of the
proposed model with 4 beams in 12 sectors employing round-
robin scheduling is shown in Fig. 1.

A. Wideband mmWave channel model

At mmWave the eNB-UE link is either line-of-sight (LOS)
or non-line-of-sight (NLOS). The probability of kth UE lo-
cated at a distance dk being in LOS is given as [15]

Pr(dk) = min(D1/dk, 1)(1− e−dk/D2) + e−dk/D2 (1)

where D1 = 18 and D2 = 36. Also, the path loss for LOS
and NLOS link are given as [16]

PLLOS(dk) = 61.4 + 20log10(dk) +N (0, 33.64) [dB]
PLNLOS(dk) = 72.0 + 29.2log10(dk) +N (0, 75.69) [dB].

(2)
Consequently, for the kth UE located at a distance dk from

the eNB the pathloss γk is given as

γk =

{
Pr(dk)10PLLOS(dk)/10, LOS
(1− Pr(dk))10PLNLOS(dk)/10, NLOS.

(3)



Since mmWave channel is a wideband channel it exhibits
frequency-selective fading. So, we divide the total available
bandwidth B is divided into Nc subchannels denoted as Nc =
{1, 2, . . . , Nc}. Further, due to spares nature of mmWave the
channel has Lk � Nt multipath components (MPCs) [17].
Therefore, the channel coefficient between the eNB and kth

UE over nth subchannel in sth sector is given as

hsk,n =

√
Nt
Lkγk

Lk∑
l=1

αk,n,la(ω(fn), φk,l)
H ∈ C1×Nt (4)

where αk,n,l is small scale fading gain of lth MPC over
nth subchannel, and φk,l is the AoD of lth MPC. The array
response vector a(ω(fn), φk,l) of the eNB at an offset angle
φk,l is given as

a(ω(f), φk,l) =
1√
Nt

[
1, e−j

2π
λc
d′ω(f)sinφk,l

. . . , e−j
2π
λc
d′ω(f)(Nt−1)sinφk,l

]T
.

(5)

The factor ω(f) = (1 + f/fc) is the beam squint parameter
at frequency f [6], fc is the carrier frequency, d′ is the
inter element ULA spacing, and λc is the carrier wavelength.
We assume that the information of (Lk, αk,l, φk,l, dk) ∀k is
available at the eNB.

The maximum gain of ULA is given as G = Ntḡ, where ḡ is
the single antenna element gain. Correspondingly, the HPBW
of the beam is ≈ 2/Nt [18]. Further, we set the value of
the effective isotropic radiated power (EIRP) high enough to
overcome high attenuation as well as low enough to be below
the maximum EIRP level allowed by Federal Communications
Commission (FCC) specifications [19]. Fixing the EIRP, by
appropriate power control, we also ensure that the beam
coverage range is static regardless of width of the beam. Let
Ptotal be the total transmit power required by an RF chain
to generate a beam of θmax HPBW given an EIRP value.
Then, for a beamwidth θ < θmax the transmit power required
to guarantee same radiated power density at distance d is
calculated as

PT =
EIRP
Gθ

=
PtotatGθmax

Gθ
=
PtotalNt(θmax)

Nt(θ)
≈ Ptotalθ

θmax
(6)

where Gθmax and Gθ are the maximum ULA gain correspond-
ing to HPBW θmax and θ, respectively, and Nt(θmax) and
Nt(θ) are the active number of elements in ULA correspond-
ing to HPBW θmax and θ, respectively.

B. Effective rate in presence of side-lobe interference

As the practical beam radiation pattern has side-lobes, a UE
located in sth sector served by bth beam during an epoch will
observe side-lobe interference from the rest of the concurrently
active beams b̂ 6= b. Moreover, the wideband antenna array
beamforming vector of a beam at eNB, steered at angle Φb,
is given as:

A(Φb) =
1√
Nt

[
1, e−j

2π
λc
d′sinΦb . . . , e−j

2π
λc
d′(Nt−1)sinΦb

]T
(7)

In a sectorized cell, each beam serves S/NRF sectors
and the possible steering directions are fixed at Φb = (b −
1)(360o/NRF )+(t−1)(360o/S), where t = 1, . . . , dS/NRF e
denotes the epoch. Therefore, the signal-to-interference-plus-
noise ratio Γsk,n of kth UE at distance dk from eNB, over nth

subchannel in sector s served by bth beam is

Γsk,n =
P sk,n|hsk,nA(Φb)A(Φb)

Hhsk,n
H |

N0B/Nc +
∑
j∈Si,j 6=s P

j
k,n|h

j
k,nA(Φj)A(Φj)HhjHk,n|

(8)
where Si ⊂ S is the set of sectors concurrently served by NRF
beams, P jk,n(P sk,n) and hjk,n(hsk,n) are the power allocation
and channel vector of kth UE over nth subchannel in jth(sth)
sector, respectively, and N0 is the noise spectral density. Thus,
the data rate of kth UE over nth subchannel in sth sector being
served by the bth beam is rsk,n = (B/Nc)log2(1 + Γsk,n).

C. RF chain power consumption

The power consumption values and quantities of all the
components in a RF front-end are listed in Table I [20]. Since
power consumption of passive phase-shifter is negligible, the
total power consumption per RF chain is expressed as

Prf = 2Pdac + 2Pm + 2Plpf + Plo + Ppa (9)

where Ppa is a function of PT and PDAC depends on the
sampling frequency Fs and the number of bits bt as

Pdac = 1.5× 10−5 · 2bt + 9× 10−12 · bt · Fs. (10)
TABLE I

POWER CONSUMPTION OF COMPONENTS IN A RF CHAIN.

Component Notation Power consumption Quantity
DAC Pdac Given by (10) 1 per I/Q channel

Low-pass filter Plpf 14 mW 1 per I/Q channel
Mixer Pm 0.3 mW 1 per I/Q channel

Phase-shifter Pps ≈ 0 mW Nt

Local oscillator Plo 22.5 mW 1
Power amplifiers Ppa PT /ηpa, ηpa = 27% 1

An eNB employing NRF number of RF chains will have a
single local oscillator shared among all the chains. Therefore,
total power consumption of RF front-end at eNB is

Pnrf (NRF , PT ) = 2NRF (Pdac + Pm + Plpf + PT /(2ηpa)) + Plo.
(11)

Remark 1: Power amplifier in each RF chain is the main
power hungry component of a RF chain and the amount of
energy it consumes is a linear function of the transmitted
power PT . Therefore, as given by (6), decreasing the HPBW
of the beam will decrease the transmit power requirement, and
thereby decreasing the resulting power wastage.

III. JOINT ESTIMATION OF NUMBER OF CONCURRENT
BEAMS AND SECTORIZATION SCHEME

We now aim to estimate the optimal number of concurrent
beams N∗RF and optimal sectorization scheme S∗ required for
average long-run UE rate maximization for a given eNB power
budget, Pbudget. We define the long-run UE rate as the total
bits received by a UE over one complete cell sweep duration
Ttot. Therefore, the long-run rate of kth UE in sth sector is



Rk = T ·
∑Nc
n=1 π

s
k,nr

s
k,n/Ttot, where T = Ttot/dS/NRF e

and πsk,n is the subchannel assignment variable in OFDM
symbol. πsk,n = 1 denotes the assignment of nth subchannel
to kth UE in sth sector. Also, we define the average long-run
UE rate R̄ as the average of long-run rate of all UEs given as

R̄ =

∑U
j=1Rj

U
=

T

UTtot

S∑
s=1

K(s)∑
k=1

Nc∑
n=1

πsk,nr
s
k,n. (12)

In hybrid beamforming the total power consumption at eNB
includes total power dissipated predominantly in RF hardware
circuitry and power consumed in the transmission of bits. It
may be the case that S might not be an integer multiple
of NRF . In that case, we assume that during some epochs,
in a cell sweep, less than NRF concurrent beams are active
since the rest of the sectors have already been scheduled once
in the ongoing cell sweep cycle. However, the peak power
consumption is constrained by Pbudget and is given as:

Ppeak =
∑

s∈{sA}

K(s)∑
k=1

Nc∑
n=1

P sk,n + Pnrf (NRF , PT ) (13)

where Pnrf (·) is given by (11) and {sA} denotes the set of
sectors concurrently served by all the NRF beams in an epoch.

From (8) we observe that increasing NRF , on one hand,
will increase side-lobes interference, thereby decreasing the
peak data rate of UE in an epoch, while on the other hand, it
will increase T . Thus, we need to choose a suitable value of
NRF that maximizes the average long-run UE rate. Moreover,
selection of sectorization scheme S will also influence side-
lobes interference level and epoch duration T . Further (13)
depicts that power is also a function of NRF and S (since
PT is a function of S). Therefore, the optimization problem
to estimate S∗ and N∗RF that achieves highest R̄ for a fixed
Pbudget is formulated as

(P1) : max
πsk,n,P

s
k,n,S,NRF

R̄(πsk,n, P
s
k,n, S,NRF )

s.t. C11 :

K(s)∑
k=1

πsk,n ≤ 1,∀n, s; C12 : πsk,n ∈ {0, 1),∀k, n, s

C13 :

Nc∑
n=1

K(s)∑
k=1

P sk,n ≤ PT∀s; C14 : S ∈ S

C15 : S ≥ NRF ; C16 : 0 ≤ Ppeak ≤ Pbudget.
(14)

Constraint C15 has a straightforward implication that the to-
tal number of beams cannot exceed the total number of sectors
in the cell. P1 is jointly non-convex in (πsk,n, P

s
k,n, S,NRF )

and is a NP-hard problem. However, P1 is convex in πsk,n for
a fixed value of P sk,n, S and NRF . Therefore, we solve P1
using the following steps:

(i) We decouple the optimal resource allocation of UEs
in all of the sectors and optimal (S∗, N∗RF ) search.
Accordingly, for some combination of (S,NRF ) we find
the corresponding transmit power PT given by (6).

(ii) Next, for the resource allocation step in an epoch, initially
we assume zero interference power per subchannel in

each of the active sectors (concurrently served by NRF
beams) and find the corresponding resource allocation for
the UEs in all the active sectors independently.

(iii) To achieve a trade-off between system throughput and UE
fairness within a sector, we use proportional fairness (PF)
subchannel allocation scheme. For analytical simplicity,
we begin with the assumption of P sk,n = PT /Nc and
find rsk,n ∀k, n. Therefore, the optimization problem for
subchannel allocation in sth active sector in an epoch is
formulated as follows:

(P2) : max
πsk,n

K(s)∑
k=1

ln

(
Nc∑
n=1

πsk,nr
s
k,n

)

s.t. C21 :

K(s)∑
k=1

πsk,n ≤ 1,∀n; C22 : πsk,n ∈ {0, 1},∀k, n.

(15)
We relax πsk,n to be a real number within the interval
[0, 1]. Then, the Lagrangian formulation of P2 is:

L(πsk,n, λ) =

Nc∑
k=1

ln

(
Nc∑
n=1

πsk,nr
s
k,n

)

−
Nc∑
n=1

λn

K(s)∑
k=1

πsk,n − 1

 (16)

where λ = [λ1, . . . , λn] is the non-negative Lagrangian
multiplier. Next, we apply KKT condition as:

∂L(πsk,n, λ)

∂πsk,n
=

rsk,n∑Nc
n=1 π

s
k,nr

s
k,n

− λn ≤ 0 (17)

In (17), if nth subchannel is not allocated of kth UE
then πsk,n = 0, rsk,n = 0, and rsk,n/

∑Nc
n=1 π

s
k,nr

s
k,n −

λn ≤ 0. On the other hand, if the nth subchannel is
allocated to kth UE then πsk,n = 1, rsk,n 6= 0, and
rsk,n/

∑Nc
n=1 π

s
k,nr

s
k,n − λn = 0.

This implies that subchannel n is allocated to kth UE by
the following rule: k∗ = argmax

k
rsk,n/

∑Nc
n=1 π

s
k,nr

s
k,n.

(iv) Having found πsk,n ∀k, n from step (iii), we allocate a
fraction of total power, PT |Ωk|/Nc, to each UE, where
Ωk =

∑Nc
n=1 π

s
k,n. Thereafter, we perform power alloca-

tion individually for each UE using water-filling over its
allocated subchannels.
Note: We follow this sub-optimal resource allocation
procedure because estimation of (S∗, N∗RF ) is a relative
search over all R̄ ∀S ∈ S.

(v) Solving for sub-optimal resource allocation in one beam
will influence the resource allocation of UEs in other
active sectors, since the subchannels experience side-
lobes interference from the concurrent beams. Hence,
steps (iii)–(iv) are repeated to find the best resource
allocation strategy of all the concurrently active sectors
so that the peak cell sum rate in the current epoch is
maximized.

(vi) Steps (ii)–(v) are carried out for all the epochs in a cell
sweep cycle to calculate R̄ using (12).



(vii) The above steps are repeated for all possible combinations
of (S,NRF ) while satisfying C14, C15 and C16 to find
the optimal (S∗, N∗RF ) that achieves maximum R̄.

IV. COMPLEXITY ANALYSIS

1) Subchannel allocation: For a system with K(s) UEs
and Nc subchannels in a sector, the PF resource al-
location using the steps (i)–(iv) has a complexity of
O(Nc

∑K(s)
k=1 |Ωk|log(|Ωk|)). The final complexity of instanta-

neous rate convergence is O(ζNc
∑K(s)
k=1 |Ωk|log(|Ωk|)) where

ζ is the number of iterations required at step (v).
2) Joint S∗ and N∗RF estimation: Step (vii) is solved

to jointly estimate S∗ and N∗RF that maximizes R̄ for
a given eNB power budget. In the worst case, it per-
forms comparison over all the combinations of S and
NRF . Hence, the overall worst-case complexity of P1 is
O(ζNc|S|2

∑K(s)
k=1 |Ωk|log(|Ωk|)).

V. RESULTS AND DISCUSSIONS

In this section, we present the numerical simulation results
generated using MATLAB. The simulation set-up configura-
tions are given in Table II.

Fig. 2(a) shows the EIRP beam pattern corresponding to
different number of antenna elements connected to single RF
unit. Also, it can be observed that the peak EIRP value is
static irrespective of transmit beam gain and hence, a constant
cell range is ensured in the simulations. It is notable that the
interfering EIRP level in side-lobes diminishes with decreasing
beamwidth. Fig. 2(b) shows the convergence of peak sector
sum rate of step (v). Here, the second maximum peak sector
sum rate in a epoch occurs in less than 30 iterations and the
first peak is not accounted for due to the initial assumption
of zero interference power per subchannel (step (ii)). Also,
due to no interference assumption at 1st iteration, the sum
rate of a sector is same irrespective of number of beams
employed. From Fig. 2(b) we also observe that the peak sector
throughput degrades on increasing NRF since the angular
separation between the beams reduces thereby increasing the
side-lobe interference experienced by the UEs in a sector.

TABLE II
SIMULATION PARAMETERS AND VALUES

Parameter Interpretation Value
D Cell Diameter 400 m
fc Carrier frequency 28 GHz
B Bandwidth 1 GHz
EIRP Effective isotropic radiated power 52 dBm [19]
U Number of UEs 400
Nc Number of subchannels 32
θ HPBW 1o to 25o

Nt Antenna elements per RF unit 5 to 115
d′ Inter-element ULA spacing λc/2
S Number of sectors d360/θe
NRF Number of concurrent beams ≤ S
N0 Noise spectral density −174 dBm/Hz
Lk Number of MPCs 4
αk,l lth MPC fading parameter Rician (LOS),

Rayleigh (NLOS)
KR Rician fading parameter 8 dB
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-100 -50 0 50 100

E
IR

P
(d
B
m
)

-60

-40

-20

0

20

40

60

θ = 25o

θ = 15o

θ = 1o

(a)
Number of iterations, ζ
5 10 15 20 25 30

P
ea
k
se
ct
or

su
m

ra
te

(G
b
p
s)

1.5

2

2.5

3

3.5

4

4.5

NRF = 12
NRF = 36
NRF = 72

1 2 3 4
3.75

4

4.25

(b)
Fig. 2. (a) EIRP level in main-lobe and side-lobes in a beam at different
beamwidth. (b) Convergence of peak sector sum rate in an epoch for U = 400
and S = 72.

However, Fig. 3 shows that despite a decrease in peak
throughput per sector, the average long-run UE rate R̄ im-
proves with increasing NRF for a constant S. The improve-
ment in R̄ with NRF can be attributed to the increase in T
from using a large number of concurrent beams that overcomes
the rate loss due to increased interference level. Also, we
observe from Fig. 3 and Fig. 4 that, for a fixed value of NRF ,
using the narrowest beam is not always beneficial even though
narrow beams offer reduced inter-beam interference. This is
because a narrower beam (or a larger value of S) means a
shorter sector sojourn time, resulting in a lower R̄.

Fig. 5 depicts that Ppeak (sum of total power transmitted and
consumed in RF hardware) rises with increasing NRF and falls
with S, as explained in Remark 1. The value of NRF is thus
limited by Pbudget. For example, for U = 400, (S∗, N∗RF ) =
(72, 72) is the optimal solution with highest R̄ when there is
no power budget constraint at eNB with maximum achievable
R̄ = 458.72 Mbps, and Ppeak = 271.63 W. However, for a
given Pbudget = 50 W the optimum solution is (S∗, N∗RF ) =
(30, 15) with R̄ = 210.58 Mbps and Ppeak = 49.07 W.

In Fig. 6 we compare the R̄ achieved using the proposed
system model and the models in [12], [13]. Both [12], [13] use
a fully-connected hybrid structure that serves maximum NRF
UEs in an epoch by dedicating one RF unit per scheduled
UE. For the sake of fair comparison, we fix the total number
of antenna elements at eNB equal to 256 and set keep
Nt ≤ 256/NRF in the proposed model. Since utmost NRF
UEs can be scheduled in an epoch using schemes in [12], [13]
so, we fix Ttot and divide it equally over the number of epochs
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Fig. 6. Comparison of achievable R̄ with different schemes.

required to serve all UEs. For computational convenience here
we take U = 100. Further, Table III compares the scheduling
complexity of the proposed model over some of the existing
competitive UE scheduling schemes, as a function of U , NRF
and Nt at eNB. In our proposed model all the UEs that are
located within the beam coverage area are grouped and served
simultaneously, as mentioned in I-B. Hence, scheduling is
independent of U and number of groups is equal to NRF .
Therefore, comparable performance can be achieved with
reduced computation complexity using proposed approach.

TABLE III
UE SCHEDULING COMPLEXITY

Scheduling Method Complexity
Based on SVD decomposition [21] O(N2

RFNt)
Based on channel’s second order char-
acteristics and greedy algorithm [12]

O(U)

Based on AoD’s similarities [13] O(UNRF ηI), here ηI is num-
ber of iterations to converge

Proposed method O(NRF )

VI. CONCLUSION

In this paper we have investigated the sub-array hybrid
beamforming structure for outdoor mmWave scenario. For a
system having fewer RF units at the eNB compared to the
UE population we have proposed a reduced complexity system
model to serve multiple UEs per beam at a time over wideband
mmWave channel. From simulations we have observed that
though interference from the side-lobes of concurrent beams
reduces the peak sector throughput, the time-averaged data
rate of UEs improves. Also, it has been shown that using
the narrowest beamwidth is not optimal. From the point of
view of power requirements, it has been studied that having
higher number of RF units amplifies the eNB power budget
significantly. However, the total power required at the eNB
is a function of beam HPBW as well. Therefore, the power
budget plays a crucial role in deciding the optimum number
of concurrent beams and corresponding sector beamwidth.
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