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Abstract— In this paper, we consider the uplink capacity of an
integrated high altitude platform station (HAPS)-terrestrial code
division multiple access (CDMA) system in which sharing band
overlay configuration is used. To increase system capacity, an
enhancement is investigated by assuming that directional antenna
is used for high mobility users to access to the HAPS. This will
lead to a reduction of not only the interference from HAPS to
terrestrial, but also the interference from terrestrial to HAPS
as the uplink power to HAPS can accordingly be increased.
Numerical results are obtained analytically and it is shown that
the system capacity can be enhanced significantly under the
proposed scheme.

Index Terms — HAPS, CDMA, interference, capacity.

I. INTRODUCTION

HAPS, which operates at an altitude about 20 km, is widely
known as an alternative mean to deliver both broadband
applications and CDMA based IMT-2000 wireless commu-
nications using millimeter wave and third generation (3G)
bands [1], respectively. Such a system when overlaid with
existing terrestrial cellular systems is able to easily extend
multimedia services to a wide coverage, while at the same
time providing an architecture like microcell/macrocell overlay
structure [2] that is suitable for both low and high mobility
users. In other words, terrestrial cellular systems are for users
with low mobility and the system capacity can be increased
by decreasing cell sizes in hot spot areas; on the contrary,
HAPS is especially for users with high mobility and its cell
size is usually as large as possible to avoid system overhead
and service disruption caused by frequent handoffs.

In this paper, an enhancement is investigated by assuming
that mobile terminals are equipped with both omnidirectional
and directional antennas. The former is used for low mobility
users to access to terrestrial cellular systems in which signals
can be transmitted to or received from all possible directions.
On the other hand, the latter is exclusively used for high
mobility users connecting to HAPS, and since the platform
is situated in the sky, the directional antenna will be pointed
upward to where the platform is positioned. It should be noted
that directional antenna can also be deployed as a repeater
mounted on top of the roof of a high speed vehicle [3], e.g., a
train, a bus, or a car. In this case, all communications between
HAPS and mobile users inside the vehicle need to go through
the repeater.

By using directional antenna to access to HAPS, it is obvi-
ous that HAPS to terrestrial interference would be effectively
reduced in the uplink. In additional, owing to that directional
antenna is used, uplink power to HAPS can consequently be
increased to further suppress the impact of the interference
from terrestrial to HAPS on system capacity. The rest of this
paper is organized as follows. In Sec. II, related works are
briefly reviewed. In Sec. III, numerical analysis is conducted
for the proposed scheme. In Section IV, extensive analytical
results are presented and compared with system using only
omnidirectional antenna [4]. Finally, conclusions are drawn in
Section V.

II. RELATED WORKS

Previous works related to HAPS can be classified into
two categories. One is focused on broadband multimedia
applications using millimeter wave band [1], [5]; another is
concentrated on mobile telecommunications services using the
IMT-2000 3G band [6], [7]. The common ground between
these two research directions is that most of them consider
the stratospheric platform to be equipped with a multi-beam
antenna projecting numerous spot beams within its coverage
and thus the platform plays a role like a group of base
stations (BSs) in terrestrial cellular systems. While spot beam
architecture is able to rapidly provide high system capacity to
a number of users, the fact is often overlooked that existing
terrestrial cellular systems have already been widely deployed
and HAPS may thus be deployed as a complementary to
existing terrestrial systems.

Several studies have been conducted to evaluate the effect of
interference into terrestrial cellular system from HAPS when
both utilize the same 3G band to provide IMT-2000 services
[4], [8]. In [8], interference from HAPS into a cellular mobile
station is estimated in terms of carrier to interference ratio
(C/I) with the parameters such as the number of HAPS users
per cell and the cell radius of HAPS; in addition, separation
distance between the coverage areas of a cellular system
and HAPS is determined. On the other hand, in [4] overlaid
architecture is considered and the system capacity is analyzed
numerically. Due to that only omnidirectional antenna is used,
both HAPS to terrestrial and terrestrial to HAPS interferences
are severe in the uplink and system capacity is drastically
impaired, as will be discussed in later sections.

0-7803-9392-9/06/$20.00 (c) 2006 IEEE



θ

20 km

HAPS

BS

xk

lH

lT

Fig. 1. The overlaid system model.

III. NUMERICAL ANALYSIS

In this section, the system capacity under the proposed
scheme is analyzed by applying the overlaid HAPS-terrestrial
CDMA system model [4]. As shown in Fig. 1, the overlaid
system comprises a HAPS system consisting of only one cell
within its coverage area and a terrestrial system made up of a
number of cells within the same coverage area as HAPS. The
radius of a terrestrial cell is fixed in this paper, i.e., 1 km, while
the radius of the HAPS cell is dependent on the size of the
entire coverage, and, thus, it is a system design parameter. All
cells are circular and users are uniformly distributed over the
coverage area in both systems. For a K-cell terrestrial system,
the cells can then be categorized into N tiers according to their
locations with respect to the center cell. It can easily be shown
that K has the following relation with N .

K = 3 · N(N − 1) + 1 N = 1, 2, 3, ...

A. HAPS to Terrestrial Interference

In the proposed scheme, directional antenna at the mobile
side, as shown in Fig. 2, is modelled as [1]:

AU (θ) = gU · max(cosnθ, sf ) (1)

where gU (=1) is the boresight gain of the antenna, sf (=0.001)
is a flat sidelobe floor, and n (=5) is the rate of power rolloff
of the main lobe.

The average path losses in dB for HAPS link and terrestrial
link within a given cell are respectively assumed to be [8]:

LH(l) = 32.4 + 20 · log(l) + 20 · log(f) (2)

LT (r) = 73.5 + 10 · log(
r

Ro
)γ (3)

where l, r are the distances from a user’s location to HAPS
and the BS of the cell, respectively, f (=1,950 MHz) is the
carrier frequency, Ro (=20 m) is the radius of the area within
which no active users are expected [4], and γ (= 3.76) is the
path loss exponent for terrestrial link.
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Fig. 2. The directional antenna gain.

Assume that perfect power control is performed and target
receive power is the same for all users in both systems. The
required transmitting power for the kth HAPS user is:

PH
k = sH · LH(lk) (4)

where sH is the target receive power for HAPS user and lk is
the distance from the kth user’s location xk to HAPS. Thus,
HAPS to terrestrial interference power in a terrestrial cell can
be calculated as:

IHT =
MH∑
k=1

PH
k · AU (θ(xk))

LT (rk)
(5)

where MH is the number of HAPS users per terrestrial cell,
θ(xk), refer to Fig. 1, is the angle between lH and lT at xk,
and rk is the distance between xk and the terrestrial BS. Since
it is assumed that HAPS users are uniformly distributed over a
terrestrial cell (with density ρH ), Eq. (5) can then be rewritten
as:

IHT = sH · ρH ·
∫

A

LH(l) · AU (θ(x))
LT (r)

dA (6)

B. Interference Analysis

Based on the above discussions, we now perform the inter-
ference analysis for the overlaid system under the proposed
scheme. First of all, the required Eb/Io on the reverse link is
expressed as [9]:

Eb

Io
=

S
Rb

Isc

W + Ioc

W + Ios

W + σ2
n

W

(7)

where Eb is the signal energy per information bit, Io is the
total noise plus interference power spectral density, S is the
target receive power, Rb is the information bit rate, W is the
spread spectrum density, σ2

n is the thermal noise power, and
Isc, Ioc, and Ios are the same-cell, other-cell, and other-system
interference, respectively.



dt

HAPS

t
BSi

BSj

lt

rt rh′

h′ dh′

lh
lh′

h
rh

Fig. 3. The other-cell and other-system interference.

Secondly, the same-cell interference power for HAPS and
for a terrestrial cell can respectively be written as:

IH
sc = α · (K · MH − 1) · sH (8)

IT
sc,i = α · (MT − 1) · sT ∀i ∈ T (9)

where α (=0.375) is the voice activity factor, K is the number
of terrestrial cells deployed in the system and is a system
design parameter, MT is the number of terrestrial users per
cell, sT is the target receive power for terrestrial user, and T
is the set consisting of all terrestrial cells.

Third, the other-cell interference power equals to zero for
HAPS due to that there is only one HAPS BS over the entire
coverage area, while it can be calculated in the following for
a given reference terrestrial cell i. As shown in Fig. 3, we
obtain:

IH
oc = 0 (10)

IT
oc,i = α · sT ·

∑
j∈T,j �=i

∫
Aj

LT (rt)
LT (dt)

· ρT · dAj (11)

where rt, dt are the distances from the location of a terrestrial
user t in cell j to BSj , BSi, respectively, and ρT is the
terrestrial user density.

It should be noted that IT
oc would be larger in those cells

close to the center cell. It is because when calculating the
other-cell interference for a terrestrial cell, the interference
power from terrestrial users in those neighboring cells would
dominate. Therefore, since cells close to the coverage bound-
ary would have fewer neighboring cells, their IT

oc should be
smaller.

Finally, due to that omnidirectional antenna is used for
terrestrial users and at HAPS, the other-system interference
for the HAPS BS can be calculated by summing up the
interference power from terrestrial users among all cells, see
also Fig. 3, and is equal to:

IH
os = α · sT ·

∑
j∈T

∫
Aj

LT (rt)
LH(lt)

· ρT · dAj (12)

where lt is the distance from user t’s location to HAPS.
For terrestrial system, the other-system interference is still

not the same at every BS, and it is calculated by computing
the interference power from HAPS users among all terrestrial
cells. Thus, refer to Fig. 3, ∀i ∈ T, we have:

IT
os,i = α · sH · {

∫
Ai

LH(lh) · AU (θ(xh))
LT (rh)

· ρH · dAi

+
∑

j∈T,j �=i

∫
Aj

LH(lh′) · AU (θ(xh′))
LT (dh′)

· ρH · dAj} (13)

where lh, rh are the distances from a HAPS user h’s location
xh in cell i to HAPS and BSi, respectively, and lh′ , dh′ are
the distances from a HAPS user h′’s location xh′ in cell j
to HAPS and BSi, respectively. The first term in Eq. (13)
refers to the interference power from HAPS users in cell i to
the terrestrial BS BSi, and the second term accounts for the
interference power from HAPS users in those cells other than
i to BSi.

C. System Capacity

The capacity of the integrated system under the proposed
scheme is obtained by respectively substituting Eqs. (8), (10),
(12), and (9), (11), (13) into Eq. (7) to obtain feasible MHs
and MT s so that the required Eb/Io (=5 dB) is satisfied
for receivers at both the HAPS BS and all terrestrial BSs
simultaneously. The integrals in Eqs. (11), (12), and (13) are
computed using numerical method [10], and Eq. (7) can be
rewritten as:

Isc + Ioc + Ios ≤ S · ( W
Rb

)

(Eb

Io
)
5dB

− σ2
n (14)

In this paper the maximal interference among all terrestrial
cells is used to determine the terrestrial interference constrain.
That is,

IT
max = max

∀i∈T
(IT

sc,i + IT
oc,i + IT

os,i) (15)

This ensures that feasible MHs and MT s make Eq. (7) be met
for all receivers, although a nonuniform distribution of MH

and MT among terrestrial cells is likely to further increase
system capacity. We defer it for a future study.

Due to that directional antenna is used in the proposed
scheme, the value computed within the braces in Eq. (13)
turns out to be very small; that is, the HAPS to terrestrial
interference is effectively reduced. However, interference from
terrestrial to HAPS, as computed from Eq. (12), is still very
large, and plays a decisive role in determining the system
capacity of the integrated system. Thus, to mitigate the impact
of terrestrial to HAPS interference, we propose to increase
target receive power for HAPS user, i.e., sH , so that the
interference power from all terrestrial users seen at the HAPS
BS would become relatively insignificant.
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(b) N=2
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(c) N=3
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(d) N=4

Fig. 4. System capacity when only omnidirectional antenna is used.

IV. NUMERICAL RESULTS

In this section, system capacity in terms of MH and MT

is compared for the overlaid system under various number of
tiers N between when directional antenna is used and when
it is not, where W/Rb is 480 and S/σ2

n equals to -1 dB.

A. Omnidirectional Antenna

First of all, we examine the system capacity under which
users can use only omnidirectional antenna to access to two
kinds of BS. In this case, the equations for calculating system
capacity are all equivalent to those in the previous section
except that Eq. (1) is now replaced with AU (θ) = 1, ∀ θ. As
discussed in Sec. III.C, feasible MHs and MT s have to make
Eq. (7) be met for receivers at both the HAPS BS and all
terrestrial BSs. Thus, it is obvious that system capacity can be
expressed by intersection of two regions, in which one is upper
bounded by the terrestrial interference constrain and another
the HAPS interference constrain.

Figs. 4 (a)–(d) show the system capacity when N equals
to 1, 2, 3, and 4, respectively, where TERR interference
constrain means the interference constrain that is calculated
at the terrestrial BS receiving the maximal interference power
and HAPS interference constrain is the interference constrain
computed at the HAPS BS. As can be seen, feasible MT s
decrease drastically as more tiers are deployed; that is, its
largest value decreases from 57 for N = 1, to less than 2 for
N = 4. It is because when more terrestrial cells are deployed
in the system, MT must decrease so that total interference
power from all terrestrial users to HAPS still makes the HAPS
interference constrain be met. By contrast, the largest feasible
MH remains almost unchanged at around 7 irrespective of N .
The reason is that the interference from HAPS to terrestrial
is received and measured at each terrestrial BS; thus, when
MH is equal to 7, the interference power does not grow for
an increased N .
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B. Directional Antenna

Next, we investigate the effect of using directional antenna
for users to access to the HAPS in improving system capacity.
Take N=1 as an example, as can be seen in Fig. 5, the
TERR interference constrain is considerably relaxed after
using directional antenna. It is because of the directionality of
the antenna that much less interference power will be received
at terrestrial BS when a user accesses to the HAPS. However,
the same amount of terrestrial to HAPS interference is received
at the HAPS BS as in the previous case due to that a user still
uses omnidirectional antenna to access to terrestrial BS, and
it makes HAPS interference constrain remain unchanged.

From system capacity standpoint, the improvement is only
marginal. The reason is explained in the following. As dis-
cussed above, system capacity can be viewed as intersection
of two regions. After relaxing TERR interference constrain, the
intersection is bounded by only HAPS interference constrain.
Therefore, the improvement from using directional antenna
can simply be regarded as an increase of intersection area
from a quadrilateral to a triangle in figs. 4 or 5. Although by
using directional antenna a much larger MH , i.e., about 400,
becomes feasible for N = 1, the improvement for N = 4,
as can be seen in Fig. 4 (d), is still far from satisfactory.
Moreover, it is expected that in an overlaid system MT should
generally be larger than MH ; thus, an increase of feasible
MHs would contribute little to improving system capacity.

C. Unequal Receive Power

Finally, we discuss the approach of having an unequal
target receive power at two different kinds of BS, after
having learnt from the above discussion that simply using
directional antenna is not enough to provide sufficient capacity
improvement for large N . Thus, in our proposed scheme the
second approach is to let sH be raised by a constant multiple
of sT . As mentioned previously, this will relatively suppress
the effect of terrestrial interference power seen at the HAPS
BS. It should be noted that the proposed unequal receive power
approach can be applied only when directional antenna is used.
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Fig. 6. System capacity when directional antenna is used and sH = 10 ·sT .

Figs. 6 (a)–(d) show the system capacity when directional
antenna is used and sH is tuned 10 times larger than sT for
N=1, 2, 3, and 4, respectively. As before, system capacity
is determined by the intersection area of two regions each
bounded by its respective interference constrain. Compare to
the results using directional antenna but without adjusting sH ,
i.e., those triangular areas in Figs. 4 (a)–(d), it is obvious that
the intersection areas are all significantly larger in Figs. 6 (a)–
(d) for any N , showing a further increase in system capacity.
It should be noted that after raising sH the increase in system
capacity now results mostly in gaining a larger feasible MT .
This reflects the fact that terrestrial to HAPS interference is
effectively reduced under our second approach.

Figs. 7 (a)–(d) show system capacity when directional
antenna is used together with that sH is further increased to
100 times larger than sT for N=1, 2, 3, and 4, respectively.
Compare to Figs. 6 (a)–(d), an even larger system capacity
can be obtained in most cases; for example, for N=4 using
directional antenna, the largest feasible MT is less than 20
when sH = 10 · sT in Fig. 6 (d), but is more than 150 when
sH = 100 · sT in Fig. 7 (d). However, an exception occurs
for N=1 since after increasing sH/sT to 100, a lower system
capacity is achieved when comparing between Fig. 6 (a) and
Fig. 7 (a). This implies that continuously increasing sH may
not always lead to a higher system capacity, and that there
seems to be an optimal power setting for sH with respect to
N taking into account both system capacity and user’s power
consumption. We also defer it for a future study.

V. CONCLUSIONS

In this paper, the uplink capacity of an integrated HAPS-
terrestrial sharing band overlaid CDMA system is considered.
An enhancement is proposed by utilizing directional antenna
for high mobility users to access to the HAPS. By using
directional antenna, not only HAPS to terrestrial interference
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Fig. 7. System capacity when directional antenna is used and sH = 100·sT .

is then reduced, but also terrestrial to HAPS interference can
be relatively suppressed by increasing target receive power for
HAPS user. Extensive numerical results are obtained analyt-
ically and show that the proposed scheme can substantially
enhance the uplink capacity for the overlaid system.
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