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Impact of User Mobility and Asymmetry

on Multiuser Scheduler Performance

Pengcheng Zhan, Ramesh Annavajjala* and A. Lee Swindlehurst!

Abstract

In this paper, we are concerned with the performance of
multiuser schedulers over an asymmetric network, where dif-
ferent users in the network have different average received
signal-to-noise ratios (SNRs) and Doppler spreads. The
throughput, in terms of the ergodic capacity of the channel,
of a maximum-SNR scheduler (i.e., the scheduler that sched-
ules the user with the largest instantaneous SNR) is inves-
tigated over Rayleigh fading channels with single-antenna
base station and user terminals. Closed-form expressions
are presented to quantify the degradation in maximum-SNR
scheduler performance due to lack of the knowledge of the
CSI. For an asymmetric network with a small number of
users, a new simple scheduler, which does not require instan-
taneous CSI, is proposed, and its optimality is discussed.
K eywords: Multiuser diversity, proportional fair, Doppler spread,

fading decorrelation, channel-aware schedulers.

1 Introduction

In a single cell, with single-antenna base station (BS) and
user terminals (UTs), scheduling the strongest user at every
transmission time, for either the uplink (UL) or the down-
link (DL), is known to be optimal in the Shannon capacity
sense [1,2]. By allowing only the UT with the strongest in-
stantaneous received signal-to-noise ratio (SNR) to transmit
(i.e., the so-called maximum-SNR scheduler or, simply, max-
SNR scheduler), the shared channel resource is used most
efficiently, and results in maximum system throughput [3].
The resulting gain due to riding the peaks of the multiuser
fading channel is termed multiuser diversity (MUD) gain [4],
which, in a symmetric Rayleigh faded network (with equal
average received SNRs for the UTs), grows doubly logarith-
mically with the number of UTs. However, when the net-
work contains UTs with different average SNRs, max-SNR
scheduler incurs unfairness, in the sense that the UT with
the largest average SNR gets scheduled more often. The
simplest scheduler that guarantees fairness among the UTs
is a round-robin (RR) scheduler, which schedules the UTs in
equal proportion, regardless of the instantaneous UT chan-
nel quality. A proportional-fair (PF) scheduler trades off the
system throughput for fairness across UTs by scheduling the
UTs based on the instantaneous channel quality relative to
the average channel quality over the time window of inter-
est [4].

*Ramesh Annavajjala is with ArrayComm LLC, 2480 North First
Street, San Jose, CA, 95131, USA. Email: ramesh@arraycomm.com

fPengcheng Zhan and A. Lee Swindlehurst are with the Department
of Electrical and Computer Engineering, Brigham Young University,
Provo, UT 84602, USA. Email: ezhan@byu.edu, swindle@ee.byu.edu

In this paper, our first goal is to understand the im-
pact of dissimilar average SNRs and Doppler spreads on
the max-SNR scheduler performance. Assuming DL trans-
mission, accurate knowledge of channel state information
(CSI) at the BS is crucial to exploit the benefits of MUD.
The UT also should have access to good quality CSI to ob-
tain sufficient decoder performance. Lack or inaccuracy of
the CSI leads to a significant performance degradation [5,6],
whereas the overhead in maintaining CSI penalizes the sys-
tem throughput. Typically, a max-SNR scheduler selects
the UT with the strongest SNR based on the initial channel
quality measurements (say, at time ¢ = 0), and allocates ra-
dio resources to the scheduled UT! over a duration T that
is less than the coherence time T, of that user. Depending
on the ability of the system to track the channel quality of
the UTs, we study two scenarios in the paper. These are:
i) Perfect CSI, and i) Outdated CSI. For the first case, we
assume the system has perfect CSI only for the active UT
during the whole allocated time duration 7' (i.e., tracking
the channel quality of UT that is scheduled at ¢t = 0). In
this case, there is a performance degradation due to the fact
that the SNR of another user may increase to a value that is
better than the scheduled user during the allocation window
T. For the second case, after making a scheduling decision
based on the channel quality at ¢ = 0, the BS makes no at-
tempt to monitor the channel quality over the duration T'.
In this case, there is an additional loss due to decorrelated
CSI. The practical significance of both cases i) and i) is
that they quantify the performance loss due to the lack of
periodic channel quality feedback.

Our results for an asymmetric network with a small num-
ber of UTs, with different mobile speeds, show that the max-
SNR scheduler may not necessarily perform better than a
scheduler that does not have access to instantaneous CSI.
The latter one is termed statistically channel-aware (SCA)
scheduler, as it requires only the knowledge of the average
received SNRs and the Doppler spreads of the UTs. We for-
mulate a simple constrained optimization problem, which
maximizes the average capacity of the proposed SCA sched-
uler, to allocate the time durations for the UTs. An algo-
rithmic description of the SCA scheduler is also presented.

The rest of this paper is organized as follows. In Sec-
tion 2, we present the system model. A thorough study of
the performance of the max-SNR scheduler under different
CSI assumptions is carried out in Section 3. In Section 4,
we expose the drawbacks of the max-SNR scheduler for a
small network with high mobility users, and propose our

1The ‘scheduled UT’ is also termed ‘active UT".
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SCA scheduler. We conclude our work in Section 5.

2 System Model

We consider a single cell with a small group of K indepen-
dently faded asymmetric users. Assuming single-antenna BS
and UTs, we focus on DL (i.e., BS to UT) transmission. At
time ¢, for UT j, 1 < j < K, the instantaneous received SNR
is denoted by ~;(t), whereas the corresponding statistical

average is denoted by ;(t). We also assume that the users
move at different speeds, and the resulting Doppler spread
for the jth UT is given by f) = (v,/c) fe, where f, is the car-
rier frequency, c is the speed of light, and v; is the speed of
UT j. The complex-valued time-varying channel gain from
BS to UT j, at time ¢, is denoted by h;(t), which is assumed
to be a zero-mean complex-Gaussian (ZMCG) random vari-
able (r.v)? with second moment E[|h;(t)|?] = Qp, (t). With
this, the received signal at UT j is:

y;(t) = hj(t)z(t) +n;(t), (1)

where x(t) is the transmitted signal with E(|z(¢)?) =
E,(t) denoting the average transmit power, and n;(t) ~
CN(0,¢3). With this, we have v;(t) = |h;(t)[?Es(t)/¢; and
i (t) = Qn, () Es () /-

Due to the users’ mobility, the channel for UT j changes

for values of ¢ greater than the coherence time 77. Since
hj(t) is ZMCG, h;(t) and ho(t) are related as [7]:

() = 50 40

0,090 /O = IO, (0)5(0),

(2)
where v;(t) ~ CN(0,1). Assuming the Jakes fading corre-
lation model [8] for each user, we write p;(t) = JO(Zﬂfjt),
where Jo(-) is the zero-th order Bessel function of the first
kind [9]. We denote by T the time slot duration for this
group of users (a BS can serve different groups of users),
within which scheduler can make the decisions about which
user to schedule, how much time to schedule it and so on.
We further assume that 7' < miny <j<x (T7).

3 Max-SNR Scheduler

As mentioned before, the system performance is a function
of the quality of CSI at both the BS and UTs. The UTs
usually estimate the CSI by extracting the pilots inserted in
the transmitted data. The BS can obtain the CSI either by
estimating the channel through the reverse link (assuming
channel reciprocity), or via the feedback from UTs through
a control channel. Keeping track of the CSI will incur a a
penalty in system throughput. Depending on the ability to
track the CSI, this section addresses the max-SNR scheduler
performance under different scenarios.

3.1 Ideal Performance
Under this assumption that the BS has perfect CSI of all
the UTs during 0 < ¢t < T, the pdf of the maximum of the

2For simplicity, we denote X ~ CA(m,X2) to indicate that X is a
CG r.v with mean m and variance 2.

instantaneous SNR, at any ¢t € [0, 7], can be written as:
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where & (z) = [°1/t- e~ - dt is the exponential integral
function [9]. When the transmission power and the average
channel gains are time-invariant (i.e., no Doppler), v;(¢) will
remain time-invariant. In this scenario, the Shannon capac-
ity in (4) remains constant over the period [0, T].

3.2 Channel Tracking of Scheduled User

Due to high CSI requirements, the scheduler described in
Section 3.1 is impractical. Here, we investigate the case
when the scheduler has the CSI for all the users only at
time t = 0, based on which the initial scheduling decision
is made for the duration [0,7]. In this period, only the
active UT’s channel is tracked at the UT side for the purpose
of decoding the message, and is assumed to be perfectly
known. Compared to the ideal scheduler, this system takes
a performance hit due to not monitoring the channel quality
of other UTs beyond ¢ = 0. In this subsection, we quantify
this loss.

From (2), conditioned on h;(0), it is easy to see that
7;(t) = [h;(t)|*Es(t)/CF is a non-central Chi-square r.v with
the parameters [10]:

n, (1) Es(t) _ |pi(H)P;(2)
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Therefore, the cumulative distribution function (CDF) of
7;(t) conditioned on h;(0) is [10,11]:

where Q1 (a, b) is the first-order Marcum-Q function [10]. It
can be easily shown that the pdf of the maximum SNR, with

si(t) V&
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P(a;(t) < lhy(0) =1 - Q, (



UT j being the strongest user at time ¢t = 0 is:
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gamma function [9], the Shannon capacity of a max-SNR

scheduler that tracks the channel of the active UT for the
whole time slot T' can be derived as:
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Details of (9) can be found in [12].

A Monte-Carlo simulation is carried out to simulate the
Shannon capacity of the max-SNR scheduler over a net-
work with 3 asymmetric users. At time ¢ = 0, each user’s
channel is generated randomly, and the strongest user is
selected according to the users’ instantaneous SNR at this
time. After the user is selected, random samples are gener-
ated to evolve the channel according to (2). The Shannon
capacity is measured by averaging over a large number of
channel realizations. For simplicity, the second order statis-
tics of each user’s channel is assumed to be constant (i.e.,
Qn,(t) = C, t €[0,T]), and each user’s transmit power and
noise variance are also set to be constant during the sched-
uled time slot. The carrier frequency is set to f. = 10 GHz,
the average SNRs of the users is set to [15, 25, 20] dB, the
Doppler speed is set to [40, 100, 50] m/s, and the time slot
duration T is set to be 120 us. The same set of parame-
ters will be used throughput the paper. As can be seen in
Fig. 1, the simulated results agree very well with the anal-
ysis in (9). The performance loss can be quantified as the
difference between (4) and (9).

3.3 Impact of Channel Tracking Inability

When the channel feedback frequency is severely con-
strained, the UTs provide only the initial CSI to the BS

3 Users with speeds [40 100; 50] (m/s) SNR [10 25 20] (dB) fc =10 GHz
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Figure 1: Shannon capacity of a max-SNR scheduler. Only
the scheduled user at ¢ = 0 has access to perfect CSI over
t € [0,T], where T being the scheduling period.

scheduler. Once a scheduling decision is made, during the
scheduling period the BS will make no further attempts to
track the channel of any of the UTs. More importantly, at
the UT side, the receiver doesn’t track its own channel. The
initially obtained CSI is used throughout its scheduled time
to decode the message. Clearly, the required CSI load in this
case is significantly less in comparison with the approaches
in Sections 3.1 and 3.2. However, not tracking the channel
at all, after ¢ = 0, leads to further performance degradation
over the one described in Section 3.2.

Using (2) in (1), the instantaneous SNR of UT j given
]’Lj (0) is:

Q. (t)
L i@y (O)IQQ: oy Es(t)

10 = A OB, OB + O
_ P OPE®
U, (0) [(1 = P (D) Es(t) + 15
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Averaging over 7;(t) and the users, we obtain the Shannon
capacity in the absence of channel tracking as [12]:

C(t) =E; (E,, (10g2(1 +77j(t))))
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We perform a Monte-Carlo simulation for this scheduler.
The result shown in Fig. 2 verifies the accuracy of the anal-



ysis. We also observe from Fig. 2 that the loss in capacity
is significant when the scheduler does not keep track of the
user’s channel (6 bits/s/Hz loss in Fig. 2 as compared to
0.95 bits/s/Hz loss in Fig. 1 at the end of the scheduling
time T'). The difference between (9) and (12) characterizes
additional loss due to UT’s not tracking its own channel.

3 Users with speeds [40; 100; 50] (m/s), SNR [10 25 20] (dB), fc = 10 GHz
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Figure 2: Shannon capacity of the max-SNR scheduler.
Channel knowledge is known for the selected user only at
the scheduling time.

4 SCA Scheduler

As seen from Fig. 2, when the strongest user (in terms of av-
erage SNR) in the network has a large Doppler spread, the
Shannon capacity of the max-SNR scheduler decays quickly
with time. We conjecture that for a small network, where
the number of asymmetric users is not large, scheduling
the strongest user without tracking its channel for a pe-
riod of time may not provide better throughput than sim-
ply selecting a user with a similar average SNR, but with a
smaller Doppler spread. This is attributed to the observa-
tion that high mobility will outdate the channel knowledge
very quickly. Under these conditions, Doppler spread as
well as average SNR should be key factors to be considered
for making scheduling decisions. Here, we consider a simple
statistically channel-aware scheduler that requires only the
average SNRs and the Doppler spreads as inputs. As moti-
vation, consider a scheduler that selects a user, say j, and
allocates time slot T to it regardless of how good its channel
is when compared to the other of users. The selected user’s
Shannon capacity is given by [12]:

C;(t) = E(logy (1 + ¢;(t)n;(0)))
(1—1p; (£)1%)7; () +1
[pj (0127 (D) >

(14)

=log,e xe

. ((1—|pj<t>|2>vj<t>+1>
1 .
|p; ()27 (t)

In Fig. 3, we plot the Shannon capacity of the max-SNR
scheduler and this simple scheduler according to (12) and
(14), respectively. From Fig. 3, we conclude that: a) se-
lecting the strongest at user ¢ = 0, and scheduling it for
T = 120us without tracking its channel, is not as good as

3 Users with speeds [40; 100; 50] (m/s), SNR [15 25 20] (dB), fc = 10 GHz
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Figure 3: Shannon capacity of multiuser schedulers. Chan-
nel knowledge is known for the selected user only at the
scheduling time.
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Figure 4: Average Shannon capacity of max-SNR scheduler,
and the capacity of a given user link.

simply selecting user ‘3’ for the whole time duration, and
b) the gain of MUD over selecting the user with the largest
average SNR, (user ‘2’) is marginal. The authors attribute
these observations to two reasons: 1) the number of the users
in the network is not large, hence the possible MUD gain is
not large to start with, and 2) due to the asymmetric net-
work setup, with high probability, the max-SNR. scheduler
selects user ‘2’ who has the strongest average SNR. However,
due to high Doppler spread, user ‘2’ channel de-correlates
much quicker than the rest of the users. Therefore, in a small
network with some high mobility users, MUD without the
CSI for the whole scheduling time may lead to suboptimal
performance.

To determine whether to use a max-SNR, scheduler or a
SCA scheduler, one reasonable approach would be to aver-
age (12) and (14) over [0, T, and use them as the metrics
for user selection. Fig. 4 plots such metrics mentioned above
as a function of scheduled time slot duration. It is clear from
Fig. 4 that there are crossover points for different curves in
the figure. Therefore, besides the users’ average SNRs and
Doppler spreads, the slot duration is also an important pa-
rameter to determine the optimal scheduler type (max-SNR
versus SCA), and user selection. When T = 120us, user



3 is the optimal user to be scheduled. However, it neither
corresponds to the user with the largest average SNR nor
corresponds to the user with the smallest Doppler spread.
When T' < 40us, the max-SNR scheduler that extracts the
MUD gain would be the right choice. For the rest of this
paper, we dedicate our attention to the SCA scheduler when
the MUD gain is not of much concern. However, which user
to schedule, and for how much time, will be the focus of the
rest of this section.

4.1 Scheduling Single User
In this section, we study the type of SCA, which schedules

only one user for the whole period of time duration 7. We
assume the selected user only estimates its own channel at
time t = 0 at the receiver side for the purpose of decod-
ing the message. At the scheduler side, no CSI is required
to determine the prospective user. Only average SNR and
Doppler spread information is needed to make the schedul-
ing decision. As explained in the last paragraph, the opti-
mal scheduling strategy is a function of T'. To answer the
question Which user is the optimal user to be scheduled, in-
tegration over [0, T is involved. When the scheduled time
duration T is smaller than the minimum of all the intersect-
ing points at which the capacity curve (averaged over [0, T7,
i.e. Fig.4) of the user with the largest average SNR crosses
the remaining curves, the user with the largest average SNR
is the optimal user to schedule. And in this case, an SCA
scheduler bases its decision only on users’ average SNR. For
example, in Fig. 4, if T is less than the intersecting point of
the blue curve and the black curve, scheduling user ‘2’ for
the whole T is optimal.

To determine the intersecting points in Fig. 4 is hard, be-
cause integration is involved. As can be proved, the inter-
secting point in Fig. 3 always lower bounds the desired one.
Therefore, we propose to determine the intersecting point
in Fig. 3. When T < T7, we can write 27 - f] - T < 4,
and, from [13], we use the polynomial approximation of

Bessel functions: Jo(z) &~ > r _o Crm@®™, with n = 2 and

Chom = (_12);:2:72;3?(;7(;;1)!. Since each term in (14) has the
form e*&;(x), we can prove that the latter is monotonically
decreasing in x [12]. It can be shown that the following holds

true when the capacity curves of users ¢ and j intersect:
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where z; = 27 fiT. Upon setting z;/x; = fg/f; £ kj;, an
approximation to (16), with n = 2, is given by

2
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In (17), we determine the smaller positive root z;, which
can be divided by 27 f: to obtain T;;, i # j. If user v
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Figure 5: Shannon capacity of the SCA scheduler. Chan-
nel knowledge is known for the selected user only at the
scheduling time.

is the one with the largest average SNR, we call T =
min (Ty1,- - s Tou1,Toot1, - Tox). U T < Tp, it is
guaranteed that scheduling user v for the whole period of T'
will be optimal.

4.2 Scheduling More Than One User
When the SCA scheduler has the luxury to schedule more

than one users during the time duration 7', switching be-
tween the users will always provide better throughput when
compared to the case where only one user is allowed to be
scheduled for T. For simplicity, the overhead in switching
the users is neglected. With all pairs of intersecting points
T;j, © # j available, one sub-optimal SCA scheduler is de-
scribed as follows.

1. Sort the users according to their averaged SNR in de-
scending order. The indices in the sorted set 7 =
{li,..., Ik} are such that F; > --- > 1

2. Schedule user |; for T} = argminlj, ;. If 77 > T,
J
schedule user |; for the whole T

3. For m-th scheduled user, when m < K, if Z;”:_ll T, >
T, the scheduler has finished its job of selecting
users. Otherwise, we schedule user |,, for T,, =

. . m—1
m1n< arg min T, T =325 Tj>
JJ#UZ

4. For the K-th scheduled user, if Zf(:_ll T; < T, schedule

it for T =T — Zf:_ll T};. Otherwise, the scheduling is
done

The system capacity of the SCA scheduler is shown in
Fig.5. This plot consists of piecewise continuous curves that
are from different users’ capacity curves (shown in Fig. 3).
Since each user’s signal fades independently, when j-th user
is scheduled, the system’s behavior can be captured by the
[0, Tj]’s portion of j-th user’s curve in Fig. 3. The discon-
tinuity is due to switching the users. It is obvious that the
SCA scheduler offers better throughput than the scheduler
that schedules only one of the users for the whole period
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Figure 6: Shannon capacity of the optimal scheduler. Chan-
nel knowledge is known for the selected user only at the
scheduling time.

of time T. However, this gain can be simply achieved by
switching to a different user at any time instant within 7.
The portion of time allocated to each user may not be opti-
mal in maximizing the total throughput of the network over
[0, T].

When multiple users need to be scheduled (i.e., T > Tg),
to optimize the total network throughput for the whole pe-
riod of time, the following optimization problem is formu-
lated:

[Tla T 7TK] = argmax f(['rlv T ,1‘[(])
[111'“7zK]
K
such that ij =T,andz; >0, forl < j < K, (18)
j=1
where
K A=lpi (D127 () +1
f([ml’ e ’xK]) — Z/ 10g2 exXe \Pj(t)\Q'yj(f/) X
; 0

Jj=1

. <<1 1o (015 + 1) at. (19)

lp; ()2, (¢)

The gradient of the above cost function can be easily eval-
uated by plugging z;’s into (14):

f A=lpj(x)1?)y; () +1
— = 10g2 exXe lpj (2 )27 (z) X
8l‘j

¢ ((1 — lps () P ) + 1) |

SAREANSEL (20)

|95 (25177 (25)
Any gradient based numerical optimization technique can
be used to find the optimal time allocation for each user
(i.e.,, [Th, -+ ,Tk]). The Shannon capacity of this opti-
mal scheduler is plotted in Fig. 6. A comparison between
Fig. 6 and Fig. 5 does justify the better performance of
this optimal scheduler. The averaged Shannon capacity over
[0, 120] us equals to 3.3592 bits/s/Hz for the scheduler in
Fig. 5, whereas it is 3.6023 bits/s/Hz for the one in Fig. 6.
A comparison among SCA, RR, and PF schedulers can be
found in [12].

5 Conclusion

In this paper, we investigated the impact of user mo-
bility and asymmetry on the multiuser scheduler perfor-
mance. Closed-form expressions were derived for the max-
SNR scheduler performance under various assumptions on
the level of CSI. Our simulations showed that channel-aware
multiuser scheduling is not always optimal for a small net-
work with a large Doppler spread. Over such networks, we
proposed a simple SCA scheduler that achieves significant
improvements to the system throughput.
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