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Abstract—Beam alignment is a critical aspect in millimeter
wave (mm-wave) cellular systems. However, the inherent limi-
tations of channel estimation result in beam alignment errors,
which degrade the system performance. For systems with a
large number of antennas at the base station, downlink channel
estimation is performed using uplink pilot signals. The beam
alignment errors, thus, depend on the user equipment (UE)
transmit power, which needs to be managed properly as the
UEs are battery powered. This paper investigates how the use
of uplink power control for the transmission of pilot signals in a
mm-wave network affects the downlink beam alignment errors,
which depend on various link parameters. We use stochastic
geometry and statistics of the Student’s ¢-distribution to develop
an analytical model, which captures the interplay between the
uplink power control and downlink signal-to-noise ratio (SNR)
coverage probability. Our results indicate that using uplink power
control significantly reduces UE power consumption without
adversely affecting the downlink SNR coverage.

Index Terms—Fractional power control, pilot signals, signal-
to-noise ratio, beam alignment error, path-loss.

I. INTRODUCTION

The millimeter-wave (mm-wave) frequencies are a promis-
ing solution to the spectrum crunch problem and can provide
orders of magnitude increase in the data rates for the next
generation of cellular systems [1]-[3]. However, the use of
such frequencies brings about new practical challenges that are
quite distinct from those of the traditionally used sub-6 GHz
frequency bands. An important such challenge is the increased
path-loss, caused by the sensitivity to blockages [4], [5].

The use of antenna arrays and an appropriate beamforming
strategy is essential to counter the effects of high path-loss [6].
Antenna arrays make the transmissions directional by virtue
of narrow beams whereas beamforming helps to direct the
beams in the desired direction. Beamforming, however, re-
quires channel state information (CSI), which can be obtained
either through the use of a beam training process or by directly
estimating the channel [7]. Both the approaches, however, have
their limitations. Because of this impediment, beamforming
suffers when the beam is not aligned exactly with the desired
direction and, a suboptimal signal-to-noise ratio (SNR) on the
desired link is realized. It is, therefore, extremely important to
investigate the effects of such alignment errors on the system-
level SNR of mm-wave cellular systems.

In cellular systems where the base stations (BSs) are
equipped with a large number of antennas, the channel for
downlink beamforming is estimated using uplink pilot signals

transmitted by the user equipments (UEs) [8], [9]. This reduces
the overhead associated with channel estimation. The UEs,
however, are battery-constrained devices while, on the other
hand, the accuracy of channel estimation depends on the SNR
of the received pilot signals. A trade-off, thus, exists between
the UE power consumption and the reliability of channel
estimates. It is, therefore, of paramount importance to manage
the power consumption of the UEs while ensuring that the
SNR of uplink pilot signals is adequate enough to result in
reliable channel estimates.

Power control mechanisms for the uplink transmissions
have been proposed to manage the UE power consumption
[10], [11]. The impact of power control on the system level
performance of cellular systems has, however, been studied
mostly for uplink data transmissions, e.g., [10]-[12] for sub-6
GHz systems and [13], [14] for mm-wave systems. On the
other hand, power control for the transmission of uplink pilot
signals has only been considered in some works, e.g., [8] for
sub-6 GHz and [9] for mm-wave systems. Both of these works,
however, focus on the issue of pilot contamination. To the
best of the authors’ knowledge, no prior work on mm-wave
systems addresses how the downlink beam alignment errors,
which arise from imperfect CSI, are affected when the power
control is utilized for the transmission of uplink pilot signals.

This paper investigates the impact of uplink power control
on the downlink SNR coverage probability of a mm-wave
cellular network with imperfect beam alignment where the
power control is utilized for the transmission of uplink pilot
signals. The power savings on the UE side are also analyzed.
Similar to our previous work [15], the beam alignment error
is formulated as a function of the path-loss, blockage, and the
antenna array characteristics. However, contrary to this paper,
[15] considered a constant uplink transmit power. Our findings
in this paper illustrate that the use of uplink power control
can result in substantial power savings at the UE side without
significantly compromising the downlink SNR coverage in the
presence of beam alignment errors.

II. SYSTEM MODEL

This paper considers a mm-wave cellular network in which
the BS locations are modeled as an independent homogeneous
Poisson point process (PPP) in the two-dimensional plane R?.
The BS PPP is represented by @y and its intensity by Ag. The
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downlink transmit power, Py, of each BS is assumed to be
constant.

To model the UE locations, an independent homogeneous
PPP, ®,, with intensity )\, is considered. To enable analytical
tractability and the application of standard stochastic geomet-
ric techniques, it is assumed that a typical UE is stationed
at the origin. The analysis is done for the typical UE as its
presence does not disturb the overall statistics of the network
[16]. The BS serving the typical UE is called the tagged BS.

An important aspect of mm-wave propagation is the sus-
ceptibility to blockages, which render the mm-wave links to
be either in the line-of-sight (LOS) or the non-line-of-sight
(NLOS) state. To emulate such blockage effects, this paper
uses the generalized LOS ball blockage model of [2] because
of its analytical simplicity, tractability and reliability in cap-
turing the SINR statistics [5]. The ball model approximates
the LOS region around a UE/BS by a ball of a certain fixed
radius, Rp, which represents the maximum possible range for
a LOS link. Within the radius Rp from the considered UE/BS,
a link of length r can either be LOS with a probability Pros,
or NLOS with a probability Pyros = 1 —Pros. However, if
the link distance is greater than Rp, then such a link is surely
NLOS.

The path-loss for the LOS and the NLOS link states is
modeled differently [1]. If the tagged BS is located at x, then
the link length, r, for the typical UE can be written as r = ||||.
Using the floating-intercept model, the path-loss for a link
belonging to the k™ channel state, for k € {LOS, NLOS}, is
expressed as

Ly (7’) = Cpr~ . (1)

where o, and C}, are the empirical path-loss parameters [3].
Further, it is assumed that the UE to BS associations are
decided based on the maximum downlink received power
criterion.

In this paper, antenna arrays are considered only at the BS
side whereas a single isotropic antenna is assumed at each
UE. Additionally, three sectors are considered at each BS to
provide coverage, where each sector utilizes a uniform linear
array (ULA) consisting of M directional antenna elements.
Since the network is two-dimensional, beamforming is only
considered along the azimuth plane while the elevation angle
is kept constant at 5. Each sector, thus, provides coverage
in an angular region spanning [fg, %] along the horizontal
plane.

Moreover, we assume that each BS employs analog beam-
forming, where the antenna elements of the BS array are
connected to a single radio frequency (RF) chain through
phase-shifters [5]. Such a beamforming strategy has a low
implementation complexity and cost; and results in a single
communication beam. To serve a UE, the serving BS adjusts
the weights of the phase-sifters correspondingly and spatially
steers its beam towards the dominant propagation path for that
specific UE [17]. To serve other UEs associated to it, the BS
uses a scheduler. In this paper, round-robin scheduling of UEs
is assumed.

The intrinsic properties of mm-wave propagation are cap-
tured well by a clustered channel model [4]. With analog
beamforming, however, the dominant cluster is of paramount
importance [18]. As a result, this paper only considers the
dominant cluster between a UE and its serving BS, similar
to [15]. The small-scale fading effects within the dominant
cluster are modeled using the Nakagami distribution. For
the LOS and the NLOS states, different Nakagami shape
parameters are used [19]. Let Nips and Nnpos represent
the Nakagami shape parameters for the two channel states,
respectively. Then, Nios > Nnpos, and N, € Z% for
analytical tractability. Also, the fading on each link is assumed
to be independent. The channel gain, ox, on each link due
to the small-scale fading then becomes a normalized gamma
random variable (RV).

For a BS to perform beamforming towards a specific UE,
it requires the direction of the dominant propagation path
between the BS and the UE is needed. In this paper, it is
assumed that such information for downlink beamforming is
estimated by the BS from the pilot signals that are transmitted
by the UE [9]. However, channel estimation has its limitations,
which result in beam alignment errors. The beam alignment
error, €, is modeled using a truncated Gaussian distribution
with zero mean [20], [21]. Within a sector, the probability
distribution function (PDF) of € is expressed as [15]

Ve (3%)
erf(ﬂ/g)—erf(_ﬂ/3), ve [

V20, V20,

where o, is the standard deviation of the beam alignment
error and erf (-) is the error function [22]. Similar to our
previous works [15], [23], we consider that the variance, afk,
of the beam alignment error for channel state %k is obtained
from the Cramér Rao lower bound (CRLB) of angle-of-arrival
(AoA) estimates and is expressed in terms of a function of
two parameters as

T

53 @

Je (y) =

6
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U?k (¢7 ’Yk) = ) (3)
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where ¢ is the true AoA measured from the boresight and
v represents the uplink received SNR of the pilot signals
with channel state k£ at a single BS antenna element. The
parameters f. , ¢, and d are the carrier frequency, the speed of
light and the antenna element spacing, respectively. We assume
half-wavelength spacing between the antenna elements. The
term G, (¢) represents the antenna element pattern along the
azimuth and is characterized according to the 3GPP specifica-
tions [24] as

) “4)

Pe

2
GédB)(gﬁ) = Gmax — min llQ (¢> JAp,

where ¢ € [—Z, 2], Gpax = 8 dBi, A,, = 30 dB and ¢, =

33
65° are the maximum gain, the front-to-back ratio and the half-
power beamwidth (HPBW), respectively, of the single element.
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The term -y, depends on the transmit power of the UE, besides
other parameters, and is expressed as [15]

PG (¢) o' Ly, (r)

Vi (f,7) = 2 ; ®)

g5

where P is the uplink transmit power, gk is the fading gain
experienced by the uplink pilot signals and o2 represents the
noise power.

Since UEs are battery-operated devices and battery power is
a critical resource, we consider that each UE employs power
control for the transmission of uplink pilot signals [8]. Similar
to the power control mechanism of 3GPP LTE, this paper
adopts the fractional power control (FPC) scheme, where a
UE sets its uplink transmit power based on the path-loss
to its serving BS with an aim to invert the effects of the
corresponding path-loss to a certain degree [25], [26]. The
UE transmit power with FPC is expressed as [11]

P, Orilkﬁ

P { B

where P is the baseline transmit power before applying the
power control and n € [0,1] is the power control factor,
which represents the degree of path-loss inversion. The value
of Fy depends on the amount of spectral resources available
to a UE. We assume that the entire system bandwidth, W, is
available for the transmission of pilot signals. Therefore, F
is calculated as Py = PSD + 10log,, (W), where PSD is
the power spectral density whose value is chosen to be -100
dBm/Hz [11]. The term P]** is the maximum transmit power
for a UE and its value is set to 23 dBm [12], [25], [26]. When
n = 0, it is considered that power control is not applied and
all the UEs transmit with a constant power P;**. However,
when 1 = 1, each UE attempts to fully invert the effects of
the corresponding path-loss. FPC is realized in its true sense
when 0 < n < 1, which is considered in this paper.

To characterize the array pattern of a ULA in terms of
the beam alignment error, €, the 3GPP pattern approximation
of [15], [23] is adopted since it effectively captures the
effects of beam misalignment while remaining tractable. The
approximated array pattern, G 4 (¢, €), is expressed as

=3 (2¢)?
A(p,€) = Gi(¢)10™ <¢A) %f le] <O4 (7)
G2 lf‘@A§|€|§7‘r7

if Byresh < P
otherwise,

(6)

where G (¢) is the peak main lobe gain corresponding to a
specific ¢ and G, is the average side lobe gain. The terms
O 4 and @4 represent the main lobe beamwidth of the 3GPP
pattern approximation corresponding to a specific value of ¢
and the broadside HPBW of a ULA, respectively. The values
of these parameters are computed as follows

G1(¢) = Ge(0) M,

1
Gz = M sin? (23]\7})7

O.4 = (pa/2) V(10/3)logy, [G1 (9) /G,

1.391
pa=m—2cos 1.391 ,
mMd

TABLE I
NOTATION AND DEFAULT SYSTEM PARAMETERS
Notation Description Value
AB BS density 50,/km?
Au User density 20[)/km2
Py Downlink transmit power 30 dBm
P Max UE transmit power 23 dBm
fe Carrier frequency 28 GHz
w Bandwidth 1 GHz
ar, aN LOS and NLOS path loss 2, 2.92
exponents respectively
CL,CN LOS and NLOS path loss —61.4 dB, —72
intercepts respectively dB
NL, NN Nakagami shape parameters 3, 2
for LOS and NLOS signals
o2 Noise power —174 dBm/Hz +
10log,y (W) +
10 dB
Pros, Rg  LOS ball model parameters 0.2, 200 m

The values of different system parameters along with their
notation are tabulated in Table I. As mentioned in [15], the BS
density considered in this paper corresponds to a noise-limited
network. Hence, we only consider the SNR in this paper and
do not deal with the out-of-cell interference.

III. DOWNLINK SNR COVERAGE PROBABILITY AND
UPLINK POWER CONTROL

This section describes how the downlink SNR coverage
probability with imperfect alignment is obtained analytically
when the pilot signals, used for downlink channel estimation,
are transmitted by the UE using uplink power control.

The downlink SNR coverage probability, C (7), represents
the probability that the downlink SNR for any UE in the
network is greater than a certain threshold 7. Conditioned
on channel state k, the conditional downlink SNR coverage,
Ci, (1), for the typical UE is expressed as

k) ) )

where gzl denotes the downlink channel gain due to small-
scale fading with channel state k. In our previous work [15],
we showed that Cj (7) in (9) can be evaluated using the
conditional distribution of ¢, i.e., feo.r (Y| &,7), as

() = - NZ (1" (N’“)

S

X fejor (Yl 6:7) 10 (0) fi (r) de do dr,

Py Ga($,€) o' Ly (r)

oR

> T

Ck(T)_P(

(10)

7ﬂkn70
PdGA(qb )Ly ()

where [, = Ny (Nk!)ﬁ and fy, (r) is given in the Appendix.
Moreover, the authors in [15] also showed that f 4, (y| ¢, 7),
obtained from (2) — (5), under Nakagami fading becomes a
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truncated and scaled Student’s r-distribution with PDF ex-
pressed as

it )

/3 /3 ’
im) = P (=)
where y € [—7/3,7/3] and ¢ (¢, 7) is the scaling factor. The
terms f; () and Fj (-) represent the PDF and the cumulative
distribution function (CDF), respectively, of the standardized
t-distribution.

The value of the scale factor § (¢, ) also depends on the
UE transmit power besides ¢ and r. In [15], a constant UE
transmit power (i.e., P/®™) was considered, which rendered
the expression of § (¢, r) as

felor (Wl &,7) := (11)
F, (

2
607

5 .
(2eleteostl) 0 (M2 = 1) PG (6) L (1)
(12)

However, when uplink power control of the form of (6)
is utilized, 6 (¢, r) becomes dependent on the power control
factor, n, and its expression becomes different than (12) as
explained in the following. The inequality Fyr®+7 < P
that defines the subdomain interval in (6) can be rewritten as

max
Pu

5(¢’T) =

r< R Using the indicator functions, the piece-wise
function of (6) can be equivalently expressed as

1
. Pmax\ an
Pu:p arn < [
(A <T‘_<PO> )
1
Pmax\ an
prmax U
+ I, <r>(PO> ),

where 1 is the indicator function. Replacing the constant
UE transmit power of P in (12) with the FPC-based UE
transmit power of P, given in (13), § (¢,r) can be expressed
as (14), shown at the top of the next page.

The total downlink SNR coverage, C (1), with imper-
fect beam alignment and considering uplink power control
is obtained from the law of total probability as C (1) =
> x ArCr (1) where Cj. (7) is evaluated analytically using
(10), (11) and (14) while Ay, the probability of association
with a BS of the £™ channel state, is given in the Appendix.

13)

IV. RESULTS AND DISCUSSION

This section illustrates how utilization of the FPC for the
transmission of uplink pilot signals affects the the downlink
SNR coverage of a mm-wave cellular network in the presence
of beam alignment errors. Also, the analytical results of
Section III are substantiated using Monte-Carlo simulations,
which consist of 50,000 trials. For the simulations, the beam
alignment errors are generated using (2) — (6) and the downlink
SNR coverage for k™ channel state is obtained using (9) by
considering that ggl = Q};l for each trial because of channel
reciprocity.

Fig. 1 compares the downlink SNR coverage probability
with imperfect beam alignment for two different values of the

uplink power control factor, n (i.e., n = 0.6 and nn = 0.7). Our
choice for these values of 7 is motivated by [14]. Analytical
curves in Fig. 1 obtained using both values of 7 match well
with the corresponding simulated curves, thus, establishing the
accuracy of the analytical model developed in Section III. For
context, the simulated and analytical curves are also shown
for two reference cases: the downlink SNR coverage with
imperfect alignment obtained using P;** for the transmission
of uplink pilots and the downlink SNR coverage with perfect
alignment.! By comparison of the perfect and the imperfect
alignment (with P™**) curves, the authors in [15] showed
that the beam alignment errors degrade the SNR coverage
considerably in the low SNR regime whereas the effect of such
errors is negligible for high SNR regime. Below, we investigate
how the FPC affects these results.

With imperfect beam alignment, it is observed that the
downlink SNR coverage obtained using P"** without FPC
for the uplink pilots serves as an upper bound for the other
imperfect alignment curves. This is trivial since the highest
transmit power for the transmission of uplink pilots results
in the lowest value of the corresponding downlink beam
alignment error, as per (2) — (6). Moreover, when the FPC
is utilized, a higher value of n generally results in a better
downlink SNR coverage as compared to smaller values of 7.

Nevertheless, when the SNR threshold, 7, is quite small (i.e.,
7 < —15 dB in this case), both n = 0.6 and = 0.7 result in
the same downlink SNR coverage as with the constant uplink
transmit power P without FPC. The reason is that such
small values of 7 are representative of NLOS UEs that are at
a considerable distance from their respective serving BSs. For
these UEs, the path-loss is significant because of the large link
distance and the NLOS channel. Consequently, utilizing FPC
even with a small value of n (e.g., n = 0.6) results in such
UEs transmitting the pilot signals at the maximum possible
power level, i.e., P;*, according to (6).

However, for other values of 7 (e.g., 7 > —15 dB for
n = 0.6), the difference between imperfect alignment curves
based on FPC and P becomes quite noticeable. This is
because transitioning towards a high SNR regime, i.e., —15
dB < 7 < 10 dB, corresponds to reducing the link distance
between a UE and its serving BS. As a result, the path-loss
also reduces comparatively and with FPC, the UEs are able
to transmit their pilot signals at a lower power level than
P, A reduction in the transmit power, P,, of the uplink
pilot signals reduces the received SNR correspondingly at the
BS for downlink channel estimation. This sequentially causes
the downlink beam alignment errors to increase, as per (2) —
(3). Accordingly, the downlink SNR coverage with imperfect
alignment degrades for the aforementioned values of 7 when
FPC is used for the transmission of uplink pilot signals.

For both the FPC-based curves, it is further observed
that their respective difference from the P,/*-based curve
is maximum at around 7 = 10 dB for the BS density and

IThe analytical curves for these two reference cases are obtained using the
t-distribution based approach mentioned in our earlier work [15].
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Fig. 1. Downlink SNR coverage probability with two different values of the
uplink power control factor, 77. Number of BS antennas (M) = 32, BS density
(AB) = 50/km?.

the number of antennas under consideration. This value of
7 depicts the average achievable SNR at the boundary of
the LOS ball and represents both the NLOS and the LOS
UEs, which are near the boundary of the LOS ball but strictly
inside it [15]. Here, the increased gap between the P)**-based
and the FPC-based curves is because of the LOS UEs. The
LOS UEs experience much less path-loss as compared to the
NLOS UEs for the same link distance. Therefore, with FPC,
the LOS UEs use much lower power levels (as compared to
P for the transmission of uplink pilot signals. The reduced
SNR of the uplink pilot signals consequently increases the
downlink beam alignment errors, which degrade the downlink
SNR coverage.

For 7 >10 dB, the aforementioned gap between the P,*-
based curve and the FPC-based curves starts to narrow down.
This is because the high SNR regime represents UEs that are
deep inside the LOS ball, where the path-loss is much less due
to the short link distances and the effect of beam alignment
errors is not significant for large values of 7, as discussed
above. Though the UEs with such short link distances transmit
their pilot signals with reduced power levels, the reduction
in the power level is not enough to cause significant beam
alignment errors.

In summary, the above observations for imperfect beam
alignment illustrate that the use of FPC for the transmission
of uplink pilots does not affect the downlink SNR coverage
of distant NLOS UEs. However, the same does not hold for
the LOS UEs. Moreover, as the link distance for the LOS
UEs reduces, the effect of FPC also diminishes. Additionally,

power of P, Such an observation shows that the use of
FPC can result in conserving power at the UE side without
significant loss in the downlink SNR coverage. Below, we
analyze this aspect.

06 T

[ Histogram of UE power with i) = 0.6
[ Histogram of UE power with 1) = 0.7
0.5 [j= = Mean UE power level with , =0.6
= == \ean UE power level with y = 0.7

Probability
o °
w =

o
]

01

4 6 8 10 12 14 16 18 20 22
UE Transmit Power Level (dBm)

Fig. 2. Histogram plot of the UE transmit power levels with FPC for two
different values of the power control factor (7). Maximum UE transmit power
level (PM) =23 dBm, BS density (Ap) = 50/km?. Results obtained from
simulations.

Fig. 2 shows the histogram plots of the UE transmit powers
with FPC for n = 0.6 (blue) and n = 0.7 (orange), where
the bin width along the horizontal axis is set to 3 dBm. The
bin heights along the vertical axis represent the percentage
of UEs transmitting within the particular power levels, which
are specified by the respective bins edges. The purple color
indicates the overlap of the two histograms. Also shown are
the mean UE transmit power levels for the two values of 7.
When 1 = 0.6, it is observed that the mean UE transmit power
level is almost 18 dBm and only 20% of the UEs transmit at
power levels greater than or equal to 20 dBm. This means that
80% of the UEs transmit at power levels that are at least 3 dB
less than the maximum power level of Pj™ =23 dBm. This
amounts to significant power savings at the UE side.

Moreover, when 17 = 0.7, the mean UE transmit power level
is found to be about 20.36 dBm, which is almost 3 dB less
than P"™*. Additionally, only about 51% of the UEs transmit
at power levels greater than or equal to 20 dBm. This implies
that with 7 = 0.7, still almost half of the UEs transmit at power
levels, which are less than half of P'®*. These observations
corroborate our earlier claim that when FPC is utilized for the
transmission of uplink pilot signals, substantial power savings
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can be achieved at the UE side without degrading the downlink
performance when the beam alignment errors are accounted
for.

V. CONCLUSION

This paper studies the effects of the uplink FPC on the
downlink SNR coverage of a mm-wave cellular network in
the presence of beam alignment errors. The FPC is utilized
by the UEs to transmit pilot signals, which are used by the
BS to estimate the downlink beamforming direction for data
transmission. The downlink beam alignment errors depend on
the SNR of the uplink pilot signals. Our results indicate that
the use of FPC for uplink pilot transmission does not affect the
downlink SNR of distant NLOS UEs. However, for the LOS
UEs, the downlink achievable SNR degrades when the FPC is
utilized. Moreover, this deterioration for LOS UEs diminishes
as the link distance gets shorter. Nevertheless, with FPC, the
use of a high power control factor does not cause a significant
loss in the downlink SNR coverage with imperfect alignment.
However, the power savings at the UE side are significant
when FPC is utilized.

APPENDIX

fi (), the conditional PDF of the distance between the
typical UE and its serving BS, conditioned on the event that
the serving BS belongs to the k™ channel state, is expressed
as [19]

. k()
fetr) =28 e (2w [ 0= P e,
k 0
. .13
where xi. () = (%f) - (7“)‘% and yn (1) = (g—; o (r)%f.

The factor fj, (r), the PDF of the distance from the typical UE
to the closest BS of the k™ channel state, and A}, are evaluated
respectively as [19]

fre (r) =27 7Py (r) exp (—27r)\3 /T TPy (1) dr) , (16)
0

oo Xk (r)
Al =/ fr (1) exp —27TAB/ t(1 =Py (t))dt | dr.
0 0
a7
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