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Cyclical Multiple Access in UAV-Aided Communications:
A Throughput-Delay Tradeoff
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Abstract—This letter studies a wireless system consisting of
distributed ground terminals (GTs) communicating with an
unmanned aerial vehicle (UAV) that serves as a mobile base
station (BS). The UAV flies cyclically above the GTs at a fixed
altitude, which results in a cyclical pattern of the strength of the
UAV-GT channels. To exploit such periodic channel variations, we
propose a new cyclical multiple access (CMA) scheme to sched-
ule the communications between the UAV and GTs in a cyclical
time-division manner based on the flying UAV’s position. The
time allocations to different GTs are optimized to maximize their
minimum throughput. It is revealed that there is a fundamental
tradeoff between throughput and access delay in the proposed
CMA. Simulation results show significant throughput gains over
the case of a static UAV BS in delay-tolerant applications.

Index Terms—Unmanned aerial vehicles, mobile base station,
periodic channel, cyclical multiple access, throughput-delay
tradeoff.

I. INTRODUCTION

W ITH their high mobility and reducing cost, unmanned
aerial vehicles (UAVs) have found promising applica-

tions in wireless communication systems [1], either to support
the existing cellular networks in high-demand and overloaded
situations [2], or to provide wireless connectivity in areas with-
out infrastructure coverage such as battle fields or disaster
scenes [3]. Compared to terrestrial communications, UAV-
aided wireless systems are in general faster to deploy, more
flexibly reconfigured, and likely to have better communication
channels due to line-of-sight links. For example, the UAV can
be deployed as a quasi-stationary aerial base station (BS) for
the ground terminals (GTs) [4], [5]. Thanks to high mobility,
UAVs can also be deployed as mobile relays to provide wire-
less connectivity between distant GTs whose direct links are
severely blocked [6], [7]. The deployment of UAVs is also
considered in [8] to improve connectivity of wireless ad-hoc
networks.

In this letter, we consider a wireless system with the UAV
deployed as a mobile BS to provide wireless connectivity
for a group of distributed GTs. Compared to static UAV
BSs in [4] and [5], the UAV controlled mobility is exploited
to improve channel quality and thus system throughput. We
assume that the UAV flies cyclically above the GTs at a fixed
altitude, which results in cyclically varying patterns of the
strength of the UAV-GT channels. We thus propose a new
cyclical multiple access (CMA) scheme where GTs are sched-
uled to communicate with the UAV in a cyclical time-division
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Fig. 1. A wireless communication system with a UAV-aided mobile BS
moving along a straight line.

manner to exploit the good channel when the UAV flies closer
to each of them. We propose an algorithm to allocate the time
to different GTs based on the flying UAV’s position to max-
imize their minimum throughput. We also analyze the access
delay patterns of the GTs due to CMA and reveal a fundamen-
tal trade-off between throughput and delay. Numerical results
show that the max-min throughput is significantly improved
by the proposed CMA with a mobile UAV BS over the case
of a static BS, at the expense of increased access delay. Thus,
the proposed UAV-assisted mobile BS with CMA is most suit-
able in delay-tolerant applications [9] such as periodic sensing,
large data transfer, etc. The mobile UAV BS case is also
considered in [10] to optimize the coverage performance.

II. SYSTEM MODEL

We consider a wireless communication system where a UAV
is employed as a mobile BS to communicate with K GTs.
We assume that the GTs are equally spaced on the ground
along a straight line with the length of � meters, as shown in
Fig. 1. Thus, the location xk of the kth GT can be expressed
as xk = −�/2 + (k − 1)�/(K − 1), k = 1, · · · , K. Note that
the assumption of one-dimensional (1D) uniform GT locations
is for the purpose of exposition to draw essential insights to
the performance and design of the new UAV-assisted commu-
nication system. The results can be extended to arbitrary GT
locations in general 2D or 3D setups, which are left for our
future work. In practice, each GT in the considered 1D model
could correspond to a cluster head that serves as a gateway for
a cluster of nearby nodes communicating with the UAV. When
the nodes are densely populated and the number of clusters
is large, the cluster heads can be approximated to be equally
spaced.

We assume that the UAV flies horizontally above the GTs
following a cyclical trajectory with period T , i.e., the UAV
position repeats every T seconds. For simplicity, we assume
that the UAV flies at a fixed altitude H, which could correspond
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to the minimum value required for safety considerations (e.g.,
terrain or building avoidance). The extension to variable H will
be left as future work. For the symmetric 1D GT distribution
considered in this letter, it is intuitive that the UAV’s trajectory
x(t), 0 ≤ t ≤ T , should be symmetric over the origin. Thus,
assuming the UAV flies with a constant speed V , we have
x(t) ∈ [−D/2, D/2], ∀0 ≤ t ≤ T , with the trajectory length
D = VT/2, as shown in Fig. 1.

We consider the downlink communications where the UAV
sends independent messages to the GTs over a given frequency
band, whereas the obtained results can be similarly applied
to uplink communications. We assume the communication
channels are dominated by line-of-sight (LoS) links, and the
Doppler effect due to the UAV’s mobility is assumed to be per-
fectly compensated. Though simplified, the LoS model offers
a good approximation for the UAV-GT channels in practice,
which suffices for us to characterize the fundamental perfor-
mance tradeoff. Therefore, at time instant t, the channel power
gain from the UAV to each GT k follows the free-space path
loss model given by

hk(t) = β0d−2
k (t) = β0

(x(t) − xk)2 + H2
, 0 ≤ t ≤ T, (1)

where β0 denotes the channel power gain at the reference dis-
tance d0 = 1 meter (m), whose value depends on the carrier
frequency, antenna gain, etc., and dk(t) = √

(x(t) − xk)2 + H2

is the link distance between the UAV and the k-th GT at time
t. Note that from (1), it follows that for each GT k with fixed
location xk, its channel with the moving UAV with position x(t)
varies in a periodic manner over T , which is perfectly known
at the UAV. By assuming a constant transmission power P by
the UAV, the instantaneous channel capacity from the UAV to
the k-th GT in bits/second/Hz (bps/Hz) can be expressed as

rk(t) = log2

(
1 + Phk(t)

σ 2

)
, 0 ≤ t ≤ T, (2)

where σ 2 denotes the noise power at each GT receiver. In the
following, we use the unit of bps/Hz to measure the throughput
per unit bandwidth, also known as the spectrum efficiency.

III. CYCLICAL MULTIPLE ACCESS

To exploit periodic channel variations of different GTs, we
propose a new multiple access scheme called CMA where GTs
communicate with the UAV in a cyclical time-division manner,
for which the details are given in this section.

A. Cyclical TDMA

From (1) and (2), the maximum achievable rate rk of GT k
as a function of the UAV horizontal position x is given by

rk(x) = log2

(
1 + Pγ0

(x − xk)2 + H2

)
, k = 1, . . . , K, (3)

where γ0 � β0/σ
2 represents the reference signal-to-noise

ratio (SNR). From (3), it follows that for each GT k, the rate
rk is symmetric and unimodal, which achieves its maximum
at x = xk. Moreover, the rate expressions of different GTs
are identical except that they have different shifts along the
x-coordinate according to different GT locations xk’s. As an
illustration, Fig. 2(a) plots the instantaneous rate of each GT
versus the UAV position x, with K = 10, P = 10dBm,
γ0 = 80dB, H = 100m, and � = 1000m.

Since each GT has its highest rate rk when x = xk, it
is intuitive to allocate the segment of the UAV trajectory

Fig. 2. Cyclical multiple access with 10 GTs: (a) UAV-GT rate distribution;
(b) transmission time allocation for different GTs.

near x = xk to GT k for communication, so as to maximize
the throughput to all GTs. Motivated by this, we propose a
simple time-division based CMA, termed cyclical TDMA, to
schedule the communications from the UAV to different GTs
based on the UAV position. Specifically, the one-way UAV
trajectory of length D is divided into K contiguous horizon-
tal segments: [−D/2, b1], [b1, b2], . . . , [bK−1, D/2], which are
allocated to the K GTs for orthogonal transmissions, respec-
tively. For convenience, let b0 = −D/2 and bK = D/2. Then
the UAV trajectory segment [bk−1, bk] and its corresponding
time interval [tk−1, tk] is allocated to GT k. With such a peri-
odic TDMA scheme, the average throughput of GT k in bps/Hz
is obtained as

θk = 2

T

∫ tk

tk−1

rk(t) dt = 2

T

∫ bk

bk−1

rk(x) dx
dt

dx
= 1

D

∫ bk

bk−1

rk(x) dx,

(4)

where we have used the identity dt
dx = 1/V and D = VT/2. The

integral of the rate function rk(x) can be obtained in closed-
form as

Rk(x) =
∫

rk(x) dx = (x − xk) log2

(
1 + Pγ0

(x − xk)2 + H2

)

+ 2

(
H tan−1 xk − x

H
−

√
H2 + Pγ0 tan−1 xk − x

√
H2 + Pγ0

)
/ ln 2.

(5)

Therefore, the throughput of GT k is given by

θk = 1

D
Rk(x)|bk

bk−1
= 1

D

(
Rk(bk) − Rk(bk−1)

)
. (6)

B. Max-Min Throughput

For a fixed UAV trajectory length D, we study the prob-
lem of maximizing the minimum throughput among all
GTs, denoted by τ , by optimizing the delimiting variables
b1, b2, · · · , bK−1 for their time allocations. The max-min
throughput is used to maximize the overall throughput while
ensuring fairness among all GTs. The problem can be formu-
lated as

(P1) :

⎧
⎪⎪⎨

⎪⎪⎩

max
{bk}K−1

k=1

τ

s.t. θk ≥ τ, k = 1, . . . , K,

− D/2 ≤ b1 ≤ b2 ≤ · · · ≤ bK−1 ≤ D/2,
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Algorithm 1 Max-Min Throughput With Cyclical TDMA
Input: GT locations xk, 1 ≤ k ≤ K; UAV altitude H, trajectory length
D; transmit power P, reference SNR γ0.
Output: Trajectory delimiting variables b1, · · · , bK−1; max-min
throughput τ̃ .
Initialization: b0 = −D/2, bK = D/2, bk = b0 + k(D/K),
1 ≤ k ≤ K − 1; ε = 10−5.

1: repeat
2: Calculate throughput θk, ∀k from (6).
3: Find the largest throughput gap ζmax = max

1≤k≤K−1
|θk+1 − θk|

and corresponding index k0.
4: Solve for b in equation (9) with k = k0. Update bk0 = b.
5: until ζmax < ε
6: The max-min throughput τ̃ = θ1.

where θk is a non-concave function of bk−1 and bk from (5)
and (6). Therefore, (P1) is non-convex and thus cannot be
directly solved via standard convex optimization techniques.

Fortunately, (P1) can be efficiently solved by exploiting the
following two properties. Firstly, it can be proved that all
GTs have equal throughput when the max-min throughput τ̃
is achieved. Secondly, note that if all other delimiting vari-
ables are fixed, the optimization variable bk only affects the
throughputs of GT k and GT k + 1. The first property can be
proved by contradiction. Assume that the max-min throughput
τ̃ is achieved at a single GT k while its neighboring GT k + 1
(or k − 1 if k = K) has a higher throughput, i.e.,

τ̃ = θ̃k = 1

D
Rk(x)|b̃k

b̃k−1
<

1

D
Rk+1(x)|b̃k+1

b̃k
= θ̃k+1. (7)

As bk increases from b̃k−1 to b̃k+1, θk monotonically increases
from 0 while θk+1 monotonically decreases to 0. Therefore,
there exists a unique value of bk = b̂k > b̃k which makes

θ̂k+1 = 1

D
Rk+1(x)|b̃k+1

b̂k
= θ̂k = 1

D
Rk(x)|b̂k

b̃k−1
> θ̃k = τ̃ . (8)

This contradicts with the assumption that τ̃ is the max-min
throughput, since it can be increased to θ̂k. The cases in which
the max-min throughput τ̃ is achieved at multiple GTs can be
proved in a similar way.

The above proof also suggests a method to obtain the
max-min throughput τ̃ . Based on the above two properties,
we can fix b1, . . . , bk−1, bk+1, . . . , bK−1 and optimize bk to
ensure that θk = θk+1, i.e., bk can be updated by solving for
b from the following equation:

Rk(b) − Rk(bk−1) = Rk+1(bk+1) − Rk+1(b), bk−1 ≤ b ≤ bk+1.

(9)

We therefore propose Algorithm 1 to iteratively tune the delim-
iting variables to achieve the max-min throughput for (P1).
In each iteration, we pick the delimiting variable bk0 that
corresponds to the largest throughput gap ζmax between two
neighboring GTs k0 and k0 +1. Then we tune bk0 to eliminate
this gap by solving equation (9). The iterations repeat until all
the throughput gaps between two neighboring GTs are smaller
than a certain threshold ε. Since ζmax is bounded below by 0
and is decreasing in each iteration, convergence is guaranteed
at which the max-min throughput is achieved.

For the example in Fig. 2(a) with K = 10, assume that
the one-way trajectory length is set to D = �/2. Denote the
portion of the UAV trajectory allocated to GT k as δk, i.e.,

δk = bk − bk−1

D
. (10)

Algorithm 1 is applied to obtain the optimal delimiting vari-
ables b1, · · · , b9 shown in Fig. 2(b), which achieve the
max-min throughput τ̃ = 0.4663 bps/Hz. Note that the allo-
cated trajectory portions are non-uniform for different GTs. In
general, the middle GTs require a smaller portion of the tra-
jectory to achieve the same throughput since they enjoy better
channels than the GTs on the two sides.

For benchmark comparison with a static UAV BS, since all
GTs are symmetric around the origin, the optimal fixed UAV
position for max-min throughput is (0, H) due to symmetry.
Since the UAV-GT channels are fixed, by optimizing the time
allocation, the max-min throughput τ̃ in the static UAV case
can be obtained as τ̃ = 1∑K

k=1 1/rk
, which has a value of

0.3488 bps/Hz for the example in Fig. 2(a). The static UAV
BS scenario can be treated as an extreme case of the proposed
cyclical TDMA with zero UAV trajectory length, i.e., D = 0. It
is found that the max-min throughput achieved by the mobile
UAV BS with D = �/2 is 33.7% higher than that of the static
UAV BS case. This gain is owing to the UAV mobility, which
can be further improved by optimizing the trajectory length D
(as will be shown later in Section IV). However, for a fixed
UAV speed V , the trajectory period T = 2D/V and hence
the access delay of the GT communications increases with D.
Therefore, there exists a general tradeoff between maximizing
the throughput and minimizing the access delay, in selecting
the value of D in the proposed mobile UAV BS with CMA.

C. Access Delay

Within each period T of the UAV cyclical trajectory from
x = −D/2 to D/2 and then back to −D/2, each GT k can
communicate with the UAV in two non-consecutive time win-
dows corresponding to the UAV position x ∈ [bk−1, bk]. This
results in two non-consecutive “mute” time windows in which
GT k cannot communicate with the UAV whose lengths are
denoted as ϕk,L and ϕk,R, corresponding to the UAV trajectory
on the left and right sides, respectively. For the example with
10 GTs, the UAV trajectory segment x ∈ [b2, b3] is allocated
to GT 3, with ϕ3,L and ϕ3,R also shown in Fig. 2(b).

Define the access delay φk as the longest contiguous mute
time of GT k in a UAV flying period T , i.e.,

φk = max{ϕk,L, ϕk,R} = max

{
2(D/2 + bk−1)

V
,

2(D/2 − bk)

V

}
.

(11)

According to this definition, the GTs have different access
delays depending on their relative locations along the UAV tra-
jectory. In general, the middle GTs have smaller access delays
since ϕk,L and ϕk,R are roughly the same, while the GTs on
the two sides have larger access delays since ϕk,L and ϕk,R
are unbalanced. Such access delay patterns need to be con-
sidered when designing upper-layer protocols or applications
with different delay requirements.

Note that the access delay depends on the flying speed
V , UAV trajectory length D, as well as the delimiting vari-
ables bk, 1 ≤ k ≤ K − 1, which need to be obtained using
Algorithm 1. There could be various ways to characterize the
overall access delay of all GTs. In this letter, we adopt the
root-mean-square (RMS) access delay φrms defined as

φrms =
√

1

K
(φ2

1 + φ2
2 + · · · + φ2

K), (12)
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which accounts for both the average value and variations of
the delay. In general, φrms monotonically increases with D,
since the round-trip period T = 2D/V is proportional to D
with fixed V . In this letter, we assume the system requires an
RMS access delay no larger than , i.e., φrms ≤ .

Note that the access delay considered in this letter is differ-
ent from the conventional communication delay. Access delay
is caused by the cyclical TDMA in which the GTs take turns
to access the channel when the UAV flies above them. In the
limiting case with a static UAV BS (or equivalently, D = 0 in
the mobile UAV BS case), the access delay can be arbitrar-
ily small since the time frame can be divided into arbitrarily
small mini-slots, each assigned to one GT for communication.
However, this is not the case in cyclical TDMA with non-zero
trajectory length D, since given a finite value of UAV speed
V > 0, each GT k may need to wait a maximum time equal to
its access delay φk given in (11) for any two adjacent commu-
nications with the UAV (which in practice can be significantly
larger than the conventional delay due to packet transmission).

IV. NUMERICAL RESULTS

In this section, we normalize the trajectory length D to the
GT location range � for convenience, denoted as D̄ = D/�.
The following parameters are used: P = 10 dBm, γ0 = 80
dB, H = 100 m, and V = 30 m/s. For the same example in
Fig. 2(a) with K = 10 GTs, we compare the max-min through-
put τ̃ under different RMS access delay tolerance values 
to show the fundamental throughput-delay trade-off. For each
pair of their values shown in Fig. 3, the corresponding opti-
mal D̄ is obtained by searching D̄ subject to that the resulted
RMS access delay φrms is no larger than the given tolerance
value , as follows. First, based on Algorithm 1, we obtain
the max-min throughput τ̃ among all GTs for a fixed value of
D̄. Then, we find the optimal D̄ such that the resulted RMS
delay φrms satisfies the given  (i.e., φrms ≤ ) to maximize
τ̃ . This can be done by a simple one-dimensional search as
the RMS access delay φrms in general monotonically increases
with D̄. Besides the optimal time/segment allocation proposed
in Algorithm 1, we also consider a simple equal time allocation
scheme for comparison, which corresponds to δk = 1/K,∀k,
with δk similarly defined as in (10).

First, it is observed that for the case of � = 1000m, the
two schemes with optimal and equal time allocations achieve
their peak values τ̃ ∗ = 0.6524 bps/Hz and 0.6523 bps/Hz
at D̄∗ = 1.10 and 1.11, respectively, and the corresponding
RMS delays are φrms = 52.37s and 52.85s, respectively.
Therefore, if sufficiently large access delay can be tolerated,
e.g.,  > 60s, the simple equal time allocation with the opti-
mal trajectory length D̄∗ = 1.11 achieves the near-optimal
performance. On the other hand, for relatively stringent access
delay requirement, e.g.,  < 30s, the cyclical TDMA with
the optimal time allocation by Algorithm 1 significantly
outperforms that with the equal time allocation.

Next, we investigate the throughput gain of the mobile UAV
BS over its static UAV BS special case (D̄ = 0), both with
optimal time allocations. We have shown in Section III-B that
for fixed trajectory length D̄ = 0.5, a throughput gain of 33.7%
is achievable by the mobile UAV BS, whereas the gain fur-
ther increases to 87% with optimized D̄∗ = 1.10 as shown
in Fig. 3, at the cost of increased access delay. This gain is
further increased in the case of a larger GT location range
�, i.e., up to 236% when � = 2000m as shown in Fig. 3.

Fig. 3. Max-min throughput τ̃ versus RMS access delay tolerance .

The rationale is that when � increases, the GTs on the two
sides experience even poorer channels in the static UAV BS
case, which degrades the max-min throughput significantly. On
the contrary, cyclical TDMA still maintains a high max-min
throughput, since all GTs can enjoy good channels in their
allocated UAV trajectory segments, if the trajectory length D̄
is optimized with respect to the location range � accordingly.

V. CONCLUSION

This letter proposed a new cyclical multiple access scheme
in UAV-aided wireless communications, and characterized the
max-min throughput by optimally allocating the transmis-
sion time to GTs based on the UAV position. Simulation
results showed significant throughput gains with the proposed
design over the static UAV BS case in delay-tolerant scenar-
ios. Possible extensions of this letter for future work may
include the general GT locations in 2D or 3D setups, variable
speed/altitude control of the UAV, deployment and cooperation
of multiple UAVs, etc.
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