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Interference Analysis and Resource Allocation
for TDD-CDMA Systems to Support Asymmetric
Services by Using Directional Antennas

Li-Chun Wang, Member, IEEE, Shi-Yen Huang, and Yu-Chee Tseng

Abstract—This paper explores the advantages of using di-
rectional antennas in time division duplex (TDD) code division
multiple access (CDMA) systems to support asymmetric traffic
services. In the TDD-CDMA system, the transmission for asym-
metric traffic from neighboring cells may cause the cross-slot
interference, which can seriously degrade system capacity. To
avoid the cross-slot interference for TDD-CDMA systems, many
current resource allocation algorithms typically require a global
control on the transmission direction (either downlink or uplink)
in each time slot. Apparently, this requirement substantially
constrains the flexibility of TDD-CDMA systems to deliver asym-
metric traffic services in a more practical situation where every
cell may have different uplink and downlink bandwidth require-
ments. We analyze the interference of the TDD-CDMA system
with a trisector cellular architecture, where three directional
antennas are employed at each base station. We find that the di-
rectivity of directional antennas can provide an additional degree
of freedom for allocating radio resource. Taking advantage of this
property, we introduce the concept of virtual cell, defined as the
same converge area of a cell but is composed of three sectors from
the three adjacent base stations. Furthermore, we propose a new
virtual cell-based distributed code/time slot allocation algorithm
to enable a TDD-CDMA system to provide asymmetric services
with different rates of asymmetry in every cell coverage area. We
demonstrate that the proposed algorithm does not only offer more
flexibility in handling nonuniform traffic patterns, but maintain
good radio link performance and call blocking performance.

Index Terms—Code division multiple access (CDMA), opposi-
tion direction interference, resource allocation, time duplex divi-
sion (TDD).

1. INTRODUCTION

ODE DIVISION MULTIPLE ACCESS (CDMA) sys-
tems comprise of two operation modes, namely frequency
division duplex (FDD) and time division duplex (TDD). In
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Fig. 1. An example of cross-slot interference. In this example, during slot 3,
base station B causes the cross-slot interference to MS1’s transmission.

FDD-CDMA systems, a pair of frequency bands are used for up-
link and downlink transmissions. In TDD-CDMA systems, the
uplink and downlink transmissions are multiplexed into time
slots on the same frequency band. The key advantage of the
TDD-CDMA system is its capability of flexibly adjusting up-
link and downlink bandwidth by allocating different numbers
of time slots [1]. Thus, compared to the FDD-CDMA system,
the TDD-CDMA system is more suitable for applications with
asymmetric traffic, such as Internet browsing, file transfer, etc.

However, the transmission of asymmetric traffic from adja-
cent cells in the TDD-CDMA system may cause the cross-slot
interference, which will seriously degrade system capacity. In
TDD-CDMA systems, we usually define the switching point as
the boundary between uplink time slots and downlink time slots
within a transmission frame. If two neighboring cells have dif-
ferent switching points due to distinct uplink-to-downlink traffic
ratios, then there may exist some time slots that are used for down-
link transmissions in one cell, but for uplink transmissions in the
other cell. In this paper, we call the interference due to the oppo-
site-direction transmissions between two neighboring cells the
cross-slot interference. Fig. 1 illustrates a typical example of the
cross-slot interference in the TDD-CDMA system. In this ex-
ample, time slot 3 is used for the uplink transmission by base sta-
tion A, while also being used for the downlink transmission by
base station B. Note that the transmission power of abase station s
much higher than that of a mobile terminal. This may interfere the
reception quality of base station A. As aconsequence, itisusually
suggested that the same time slot be used for the same transmis-
sion direction for two neighboring cells, unless one of them is
willing to leave the slot unused. Apparently, this approach may
waste slot resources because neighboring cells do not necessarily
havethe same traffic patterns. Consequently, thisrequirement sig-
nificantly limits the key advantages of the TDD system to support
asymmetric traffic services.

0018-9545/$20.00 © 2005 IEEE
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Fig. 2. A trisector cellular system.

In the literature, interference analysis for TDD-CDMA sys-
tems has been reported in [2]-[4]. In [2], the uplink interfer-
ence, including the mobile-to-base and the base-to-base inter-
ference, was evaluated for the TDD-CDMA system with asym-
metric traffic. It was concluded that the base-to-base interfer-
ence (or called the cross-slot interference in this paper) will
significantly decrease system capacity. In [3], the authors con-
cluded that the cross-slot interference will occur if frames are
not synchronized between adjacent cells. The authors in [3] sug-
gested using an additional antenna protection between adjacent
base stations or careful network planning to reduce the base-to-
base cross-slot interference. In [4], antenna beamforming tech-
niques were suggested to suppress the cross-slot interference for
the TDD-CDMA system.

To minimize the cross-slot interference in the TDD-CDMA
system, many code/time slot allocation schemes have been pro-
posed, such as [5]-[9]. In [5], the authors proposed a time slot
allocation scheme that can maximize radio resource utilization
subject to the constraint of having a global switching point
in a multiple cell environment. In [6], the authors concluded
that a TDD-CDMA system using different switching points
for different cells would outperform a system using the same
switching point for all cells, but it was mentioned that finding
the optimal switching points is a difficult task in a multi-cell
environment. In [7], an interference-resolving algorithm was
proposed to allow users who are close to their serving base
stations to utilize opposite transmission directions in the same
slot. In [8], [9], dynamic code/time slot allocation methods were
suggested to minimize the cross-slot interference. However, the
aforementioned works all assume that the TDD-CDMA system
employs omnidirectional antennas.

This paper includes two major contributions. First, we
develop an analytical framework to evaluate the interference
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problem of the TDD-CDMA system characterized by direc-
tional antennas and asymmetric traffics. To our knowledge, in
the context of sectorized cellular structures, the interference
issues in TDD-CDMA systems with asymmetric traffic have
not been fully addressed in the literature. Second, we develop
a resource allocation algorithm as applied to the “virtual cell”
for a TDD-CDMA system. In [10], the concept of virtual cell
was introduced, where a virtual cell consists of three neigh-
boring sectors from three neighboring cells (e.g., sector S; of
cell A, sector S of cell C, and S3 of cell D in Fig. 2). The
similar concept was also proposed in [11] to reduce interfer-
ence in FDD-CDMA systems. However, in the context of the
TDD-CDMA system with asymmetric services, a resource
allocation algorithm to explore the advantage of direction
separation in the trisector cellular architecture has not been
found in the literature. In this paper, we extend the work in
[10], [11] to develop such a resource allocation algorithm to
resolve the cross-slot interference for the TDD-CDMA system.
The basic idea of the proposed algorithm can be described
in two folds. On the one hand, by employing simple sector
antennas at base stations (as shown in Fig. 2), we restrict the
cross-slot interference within a cell coverage area. Applying
the developed interference analysis framework, we will show
that the interference between virtual cells can be suppressed
due to the directivity of directional antennas. On the other
hand, the cross-slot interference within a virtual cell can be
resolved by a simple time slot allocation method. Hence,
with trisector cellular architecture, the switching points of
neighboring virtual cells can differ arbitrarily. In brief, taking
advantage of this additional orthogonality from the direction
separation of sector antennas, we propose a virtual cell-based
interference-resolving algorithm to support asymmetric traffic
services in TDD-CDMA systems.

The rest of this paper is organized as follows. In Section II,
we analyze the uplink interference of the TDD-CDMA system
with directional antennas and asymmetric services. Section III
discusses the downlink interference analysis. Numerical results
are provided in Section IV. In Section V, we describe the con-
cept of virtual cells and present a code/time slot assignment al-
gorithm for the sectorized TDD-CDMA system. By exploring
the directionality of sectored antennas, the proposed algorithm
just needs to avoid the cross-slot interference within local areas,
thereby enabling the provision of flexible asymmetric traffic ser-
vices. Simulation results are all provided in Section VI. Finally,
conclusions are given in Section VIL

II. UPLINK INTERFERENCE ANALYSIS FOR BASE STATIONS

Fig. 3 shows the uplink interference scenario of the TDD-
CDMA system. Without loss of generality, take sector S;3 of
cell 1 as an example. There are four kinds of entities that will
cause the uplink interference:

. th(e )mobile stations in the same sector S73, denoted as
u
intra_ms?
. the mobile stations in the neighboring two sectors S11
and Sy, denoted as 1Y) .
. the mobile stations in the neighboring cells O» and O3,
() .
denoted as I, ;'
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Fig. 3. Uplink interference scenario in the TDD-CDMA system.

J the base-to-base cross-slot interference from the six

directional antennas in O and O3, denoted as 1. l(m)er b

A. Intracell Interference

Assume that N mobile stations are uniformly distributed in
each cell. Let py,s be the received power at a base station after
power control. Then the interference from the mobile stations of
the same sector (i.e., sector S13) can be expressed as follows:

N/3

I s Z ViPms (1)

where v; is the activity factor for user 4.
Second, the interference from the mobile stations of sectors Sq1
and S;» within the same cell can be written as

£s

u G s)1071
Ii(nt)ra_ms v = VP Pms Z // 13 €

xe{11,12} 5)1010

Sl

><1/)(Glg(ds,ﬁs)loﬁ,GX(ds,Gs) %>dxdy 2)

where G13(ds, ) is the product of propagation loss and antenna
gain for a user with a distance d; and an angle §; to sector Sy3,
and &; is the shadowing component, characterized by a Gaussian
random variable with zero mean and standard deviation of o, dB.
For example, if we consider the path loss model in [12] then

h2h2,Gy(0) G (61)
dy

Gis(ds,05) = 3)
where hy, and h,, represent the antenna heights of base station
and mobile terminal, respectively. Denote G(6) and G,,(6)
the antenna gain betweens a base station and a mobile with the
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incident angle 6. Note that mobile terminals still use omnidi-
rectional antennas (i.e., G,,(6) = 1,0 < 6 < 360). For ease
of analysis, we set h, = 1 and h,, = 1, and normalize the cell
radius 7. to unity. Then the mobile stations density in each cell is
p = (V3N)/(6)(mobiles/unit area). Let o and /3 be the path
loss from two base stations to a mobile terminal. The function
1 (a, ) can be used to indicate whether « < S ornot, i.e.,

) 1, ifa<p

(e, B) = {0, otherwise. )
For example in (2), if G1a(ds,05)10¢<)/(10) ig larger than
G13(ds, 0,)10E)/(19) "then the mobile terminal is served by
sector S1o; otherwise it will be served by sector S73. Note that
in (2), G13(ds, 0,)10%)/(10) represents the link gain in sector
S13 and G, (ds, 05)10(55)/(10) denotes the compensation factor
for the link attenuation during power control in sector .Sy, where
X € {11,12}.Here we adopt the same approach as in [13] to take
average over v and &, in (2). Accordingly, we obtain

E (1) aimess) = o0 B(0)

N ke

xe{11,12}

da: dy. (5)

B. Intercell Interference

Let I. l(m)er ms Tepresent the interference from the mobile sta-

tions of cell 2. Then, 1. (u)

> “inter_ms

1 = v Y / / G (e, 6107

x€{21,22,23} (ds, 85) 101

can be written as!

&n

X1 (Glg(dn, Hn)loﬁ,GX(ds, as)mﬁ) dzdy, (6)

where d,, and 6,, are the distance and the angle of the interfering
mobile from cell 2; ds and 6, are the distance and the angle
to the serving sectors from cell 2’s standpoint; &5 and &, are
Gaussian random variables with zero mean and standard devia-
tion of o, and o, respectively. Note that (&, — &) in (6) is an-
other Gaussian distributed random variable with zero mean and
a standard deviation of \/c2 + 2. Defining n = (In 10)/(10)
and taking the expected value of (6) with respect to v, £, and
&5, we obtain

E (Il(:llt)er ms) — ppmSE(v)enQ(triJraf)h

Z // Gis( dn,H

x€{21,22,23}
Gy (ds,05)
In (—Gla(dme_w

2 2
/o5 + 05

X [1-0Q —m/o2+a2||dzdy

(N

where Q(z) = (1/V2r) [Z et /2 dt.

Hereafter, the subscript s and n denote the variables associated with the
serving cell and the neighboring cell, respectively. For example, ,, is the shad-
owing component of the neighboring cell, and £ is the shadowing component

of the serving cell.
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Fig. 4. Downlink interference scenario in the TDD-CDMA system.

cell 2

C. Base-to-Base Cross-Slot Interference

The base-to-base interference 1. (u)

inter_bs Can be expressed as

5bs
(276, 0,)1078

d879

7@

inter_bs vppbsGl3(63) Z // G

x€{21,22,23}

X (Glg(dn, 0,)105% , G, (ds, 98)107) dvdy (8)

where pys is the received power at the mobile terminal after
power control, G13(f3) is the receiver antenna gain, 27, is the
separation distance between two neighboring base stations, 6, is
the angle of transmit antenna from cell 2 to sector Sy3. Note that
referring to Fig. 4, for serving a user in sectors Sa1, S22, S23, 0y
is equal to /D0O501, /F0201,/B050, respectively. Fur-
thermore, 63 in (8) is equal to ZF'O105. In (8), &ps is the shad-
owing component between the two base stations with zero mean
and standard deviation of o},s. Note that o4 is usually smaller
than o,, and o because oy, is the shadowing component in the
transmission path between two base stations. Taking average of
(8) over v, &,,, &, and &6, We get

E ( I(“)

inter_bs

ke

x€{21,22,23}

) = PPbs E(U)€"2(”§+J€S)/2G13(93)

Gy (ds,05)
<Glg(dn,9n)> dody )

where

y

To facilitate the computation of the numerical results in (9), we
can apply the Hermite polynomial method of [14]. The Hermite
approximation method can transfer an integration into a sum-
mation, i.e.,

o
|

Gy (ds,0s
V20,t — 10logy, (%) i

Os

osn+

(10)

/f(t)eXp Zw, i)+ Ry (11)
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where ¢; and w; are predetermined roots and weighting factors
defined in [14]. Hence, we can simplify the computation of A( - )
in (9) by applying (11) with

GX (ds ,95)
1 (g Yot 10000 (G255
NG s7 o

(12)

III. DOWNLINK INTERFERENCE ANALYSIS FOR MOBILE
TERMINALS

Now we analyze the downlink interference as shown in Fig. 4.
We focus on user A served by sector Sq3 of cell 1. There are five
kinds of interference sources for user A:

—  the interfering signals 1. 1(m)ra bs from the same antenna

S13, but targeted at different users other than user A;

. the interfering signals 1, 1(nt)ra bs_p Irom the neighboring

antennas S1; and Sia;
. the interfering signals I (d)

inter_bs

tional antennas in O»;

. the interfering signals /. i(:t)m_ms_v from the mobile sta-
tions in the neighboring sectors S1; and Sp2;

. the interfering signals [, from the mobile sta-

inter_ms

tions in the neighboring cell O,.

from the three direc-

A. Intracell Interference

1) The Same Sector Case: For the same antenna of the
serving base station, we express I (d

intra_bs as

&i

G13 d, 6 T
I e = v rs®s //—
rab v G13(ds, )10

En

X9 (Gaaldn, 62)10% , Gig(dy, 6,)10% ) dudy  (13)

where ®g, ., is the orthogonality factor between the codes used
in the same sector 0 < ®g,. < 1. In (13), as shown in Fig. 4,
d and 6 represent the distance and the angle of the target mo-
bile terminal A to the base station; d and d,, represent the dis-
tance from another intracell user B to the serving cell and that to
the neighboring cell, respectively; ¢; is the shadowing compo-
nent between the base station and the interfered mobile terminal
A, which is characterized by a Gaussian random variable with
zero mean and a standard deviation of o;. Taking average over
v, &n, &, and &;, we can obtain

B (Il(rilt)ra bs) — ppmsE(v)enz(af-l-a?)/Z

G1s(d, 0) Gis(ds, 0s)
//(I)SBGB?(’ds,a )h <G223(d 0 )) dody (14)

X

where h( -) is the same as in (10).
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2) The Neighboring Sector Case: The interference
Ii(;ft)ra_bs_v from the neighboring sectors’ antennas of the

serving cell can be expressed as

2 // dS,H _0% P55

x€{11,12}

X (Glg(dm Hn)loﬁ,GX(ds, 95)105—0) dedy (15)

(d) _
Ilntra_bs_v UVPPbs

where @5 s,, is the orthogonality factor between the codes
in sectors S, and Sj3. Noteworthily, by taking advantage
of the separation of sector antennas, the orthogonality factor
®5 s,; < 1in most sector antenna cases, while in the omni-
directional antenna case ®s,_s,, = 1. By taking average with
respect to v, &,,, &5, and &;, we get

2 2 2
E (Il(rilt)ra bs_ u) = ppng’(v)e" (0'5+0'i)/2

N ey

xe{11,12}

G (ds, 05)

(I)
SxSualt (G13(dn7 0

(16)

B. Intercell Interference

The downlink interference from the neighboring base station,

I i(i)er_bs, can be written as
(d) 1055
Ilntor_bs = VpPPbs Z // d 0 5_0
Sy

x€e{21,22,23}
x B, 1) (Glg(dn, Hn)10ﬁ7GX(ds7 98)10%) dedy. (17)

Because of the protection from the directivity of sector an-
tennas, ®s215,, and ®g,.s,, can be any values less than one as
in (15). However, ®g,, s,, should be chosen as small as possible
due to the lack of antenna separation. By taking average with re-
spect to v, &,, &5, and &;, we obtain

E (Il(nt)er h<) = PPbs E(v)e"2(0§+o?)/2

X Z // d570 (DSXSBh

x€{21,22,23}

o (Satdet)

—_— 18
G13(dy, 0,) (1%

) dx dy

where h( - ) is the same as (10).

C. Mobile-to-Mobile Cross-Slot Interference

1) The Same Cell Case: For the downlink interference
Ii(r‘ft)ra_ms_v from the mobile stations of the neighboring sector,

because the omnidirectional antenna is used for mobile termi-
nals, we ignore the antenna gain and express I, (d) as

intra_ms_v
x€{11,12} //

) (Glg(ds, Hm)loﬁ,GX(ds, 95)10ﬁ) dedy (19)

r—4 10 o
v(ds, 05) 1055

(4)

intra_ms_v = VPPms

> )> dz dy.

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 54, NO. 3, MAY 2005

where 7 is the distance between the mobile terminal C in cell 2
and the interfered mobile B in cell 1, and &,,,5 is the shadowing
component between the two mobile terminals. Taking average
over v, &5, and &,,,5, we obtain

E ( 7D

intra_ms_v

X Z // (.. 0 drdy. (20)

x€e{11,12}

2) The Other Cell Case: We can express the cross-slot in-
terference from mobile stations of the other cells /. (d ) as

> o) aamw

x€{21,22,23}

3 ms

=107
(s, 05)

d
Il(nt)er ms = UPPms

Es
Oﬁ

€n

><1/1(G13(dn,0)1010, (s, 05) %)dxdy 1)

Taking average over v, &,, &s, and &5, we obtain

E (I,

inter_ms

p> // dq,e

x€{21,22,23}

) = PngE(U)enz(”f'i‘”f]s)/Z

G (ds, 05)
G13(dn: en

)> dr dy. (22)

Note that the computation of (14), (18), and (22) can be sim-
plified by using the Hermite polynomial approach introduced in

(11).

IV. EFFECT OF DIRECTIONAL ANTENNA
A. Uplink Interference

In this section, we present numerical results based on the in-
terference analysis in Sections II and III. Consider the interfer-
ence scenario as shown in Fig. 3. Let the centers of cell 1 and
cell 2 be located at (0, 0) and (2 km, 0), respectively, where cell
radius r. equal to 1 km. According to (7) and (9), we calculate
the intercell interference of the TDD-CDMA system with omni-
directional and directional base station antennas. In our simula-
tion, we consider three different shadowing components: o5 = 9
dB, 0,, = 8 dB, and o}, = 3 dB, where o, and o,, are the stan-
dard deviations of the shadowing component between a mobile
and a serving base station, and that between a mobile and the
neighboring interfering base station, respectively; and oy, is that
between two base stations.

Fig. 5 shows the uplink base-to-base cross-slot interference
I i(rilr_bs for the TDD-CDMA system with directional antennas.
In the figure, points A, B, C, and D stand for the corners of cell
2 in Fig. 3. According to (9), we calculate the base-to-base in-
terference when a mobile of cell 2 moves to different locations
within the cell. The values in the z axis represent the base-to-
base interference normalized to pys, where pps = —97 dBm is
the downlink received power at a mobile terminal after power
control. We find that if that user is located at points B, C, or
D of cell 2, the base-to-base interference from cell 2 to cell
1 is reduced due to the separation of sector antennas. When
the base station of cell 2 serves a particular mobile being lo-
cated at point A, the base-to-base cross-slot interference will
be amplified due to the directional antenna gain. Hence, using
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Fig. 5. Uplink base-to-base interference from cell 2 to cell 1 with directional antenna, where py,, is the downlink received power at a mobile in sector S13, and

points A, B, C, and D represent the corners of cell 2 in Fig. 3.

directional antennas in a trisector cellular system can restrict
the strong base-to-base interference into a hexagon area labeled
with A-O3-E-O;-G-Og3 as shown in Fig. 3. Consequently, the
base-to-base cross-slot interference can be possibly avoided by
just coordinating the switching points of downlink and uplink
bandwidth ratio in only three sectors for the TDD-CDMA with
the trisector cellular system.

For comparison, Fig. 6 shows the base-to-base cross-slot in-
terference of the TDD-CDMA system with omnidirectional an-
tennas employed at base stations. One can find that cell 1 can
very likely receive severe base-to-base cross-slot interference
from cell 2 when a mobile terminal of cell 2 is located at the
cell boundary, e.g., points A, B, C, and D of cell 2. Thus, un-
like the trisector TDD-CDMA cellular system, the base-to-base
cross-slot interference in the omnidirectional cellular system
will influence all the surrounding cells. Therefore, it is neces-
sary to globally control the switching points in every cell.

Fig. 7 shows the mobile-to-base interference I. i(rﬁ)er_ms of (6)
for the TDD-CDMA system with directional antennas. The
values in the z axis represent the mobile-to-base interference
normalized to pns, where p,,s = —112 dBm is the uplink
received power at the base station after power control. One can
find that the shorter the distance to the serving base station, the
less the interference to the neighboring cell. This is because at
a further distance, such as point B, the mobile terminal needs to
transmit higher power to compensate path loss and shadowing.
Besides, because the mobile terminal still uses omnidirectional
antenna, the mobile-to-base interference in a system with om-
nidirectional antennas is similar to the system with directional

antennas. Due to the length limitation of the paper, we will not
show the result here.

B. Downlink Interference

Now, we investigate the performance differences between the
trisector TDD-CDMA cellular system and the omnidirectional
cellular system in terms of downlink interference. We consider
the interference scenario as shown in Fig. 4. Let the mobile be
located at (0.4 km, 0) of cell 1. We evaluate the received inter-
cell interference of the TDD-CDMA system for the cases with
omnidirectional antennas and directional antennas according to
(18) and (22). Denote o,,s and o; as the standard deviation of
shadowing component from the observed mobile to a nearby
mobile and that to a base station, respectively. In our analysis,
we adopt o, = 10 dB and 0; = 8.5 dB.

By evaluating (18), Fig. 8 shows the base-to-mobile interfer-
ence in the TDD-CDMA system with directional antennas. In
the figure, points A, B, C, and D represent the corners of sectors
S99, 523, and S in Fig. 4. One can see that only sector Sy, of
cell 2 will cause serious interference to cell 1, while the other
sectors of cell 2 will not yield strong interference. This result
indicates that in the trisector cellular system we should set the
same downlink and uplink bandwidth ratio in sector S5 of cell
2 and sector Sz of cell 1. We define an area with three adja-
cent diamond-shaped sectors belonging to three different base
stations as a virtual cell, which will be discussed in Section V.

Fig. 9 shows the base-to-mobile interference Ii(i)er_bs in a
system employing the omnidirectional base station antenna. As
shown in the figure, when the neighboring base station is serving
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Fig. 6. Uplink base-to-base interference from cell 2 to cell 1 with omnidirectional antenna, where py, is the downlink received power at a mobile in sector S13,
and points A, B, C, and D represent the corners of cell 2 in Fig. 3.
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Fig. 7. Uplink mobile-to-base interference from cell 2 to cell 1 with trisector directional antenna, where py, is the downlink received power at a mobile in sector
S13, and points A, B, C, and D represent the corners of cell 2 in Fig. 3.

7@

inter_bs

amobile station at a longer distance, the signal from the base sta-  antennas case (i.e., 0.2 pys), the interference to mobiles
tion will cause very strong interference to the downlink recep- in cell 1 is 6.8 pps.
tion quality at the target mobile station. For example, consider By evaluating (22), Fig. 10 shows the mobile-to-mobile

point B at cell 2. Unlike the small interference in the directional  cross-slot interference I, /. from cell 2 in the TDD-CDMA
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Fig. 8. Downlink base-to-mobile interference from cell 2 to cell 1 with directional antenna, where pys is the downlink received power at a mobile in sector S13,
and points A, B, C, and D represent the corners of cell 2 in Fig. 4.

base to mobile interference

z axis

interference (normalize to p,)

3000

y avis . .
1000 1000 X axis

Fig. 9. Downlink base-to-mobile interference from cell 2 to cell 1 with omnidirectional antenna, where py, is the downlink received power at a mobile in sector
513, and points A, B, C, and D represent the corners of cell 2 in Fig. 4.

system with directional antennas. If the transmission directions in cell 1. For the omnidirectional cellular system, we obtain
of two neighboring cells are opposite during a particular time a similar result of mobile-to-mobile cross-slot interference,
slot, only the mobile station closer to the cell boundary of cell ~ which is not shown here. We find that the cross-slot interference
2 will cause stronger cross-slot interference to a nearby mobile level in the omnidirectional case is slightly larger than that in
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Fig. 10. Downlink mobile-to-mobile interference from cell 2 to cell 1 with directional antenna, where py,s is the downlink received power at a mobile in sector

S13, and points A, B, C, and D represent the corners of cell 2 in Fig. 4.

the directional antenna case because the transmission power
from a mobile station in the omnidirectional cellular system
is greater than that in the trisector cellular system due to the
smaller antenna gain.

C. Verification

To verify our analysis, the left part of Table I illustrates the
uplink interference obtained from both analysis and simulation.
By evaluating (7) and (9) according to the Hermite polynomial
approach, we find that the estimated interference of the TDD-
CDMA system is close to simulation results. Noteworthily, the
base-to-base interference (i.e., I i(: )e 1) 18 higher than the inter-

ference from mobile terminals Ii:jer_ms because the transmis-
sion power of a base station is higher than that of a mobile sta-
tion, i.e., Pbs > Pms-

In the right part of Table I, we show the analytical and simu-
lation results for downlink interference. The analysis results are
obtained from (18) and (22). One can see that the cross-slot in-

(d o . .
terference I, /.. .. can be quite significant as the interfering
mobile terminals are close to the cell boundary although py,s
is 15 dB larger than p,,s. Thus, we are motivated to design a
resource allocation scheme to coordinate the switching points
within a virtual cell, i.e., an area with the three adjacent sec-
tors belonging to three different base stations. By doing so, we
can avoid the mobile-to-mobile cross-slot interference for the
TDD-CDMA system.

From the above observations, we find that the problem of

setting switching point can be simplified from the complicated

TABLE 1
COMPARISON OF ANALYSIS AND SIMULATION FOR UPLINK AND
DOWNLINK INTERFERENCE

Uplink
w Simulation  7.0999 (pms)
(u Analysis 6.9223 (pms)
inter-ms Difference  2.5652%
N Simulation  7.6744 (pps)
(u Analysis 7.4540 (pps)
inter-bs Difference  2.9571%
Downlink

Simulation  158.1143 (pyms)

%T .. Analysis 148.7765 (pms)
h Difference  6.2764%

Simulation  30.5988 (pps)
?dg ,. Analysis 28.9837 (pps)
rnrer-bs Difference  5.5726%

global control in the whole system to the simpler local con-
trol in only three sectors within a virtual cell. In the next sec-
tion, we will present a code/time slot allocation scheme for the
TDD-CDMA system to explore this advantage inherently in di-
rectional antenna.

V. VIRTUAL CELL-BASED CODE/TIME RESOURCE ALLOCATION
ALGORITHM

A. Concept of Virtual Cell

In the previous section, we find that with directional antennas
employed at base stations, it is possible to relax the limitation
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of forcing neighboring cells to have the same uplink and down-
link transmission directions required in the system with omni-
directional antennas. Consider the trisector cellular system as
shown in Fig. 2, the uplink transmission of a user terminal at
sector S of cell A will no longer be influenced by sector Sq
of cells B, C, D, and H. This is because the location of cell A
is behind the back lobe of cells B, C, D, and H. For the uplink
transmission of the same user terminal, the interference from
cells F and G is also lighter than that in the case with omnidi-
rection antenna because these interfering sources face the back
lobe of sector S of cell A. Hence, we find that the interference
including the cross-slot interference in the trisector cellular ar-
chitecture can be restricted in an area composing of three adja-
cent diamond-shaped sectors each of which belongs to three dif-
ferent cells. We call such an area in the trisector cellular system
the virtual cell. The shaped area in Fig. 2 shows an example of
a virtual cell, which is composed of sector Sz of cell C, sector
S, of cell D, and sector Sy of cell F.

B. Code/Time Slot Assignment Scheme

The main purpose of proposed virtual cell-based code/time
slot assignment scheme is to set the same switching point in
the three sectors of each virtual cell, while neighboring virtual
cells can have different setting on their switching point. The
switching point is used to divide the time frame into two groups
for uplink and downlink transmissions. It also can be treated as
the uplink-to-downlink ratio of a time frame. Specifically, the
uplink slot assignment begins from the beginning of the frame
until the switching point, and downlink slot assignment begins
from the end of the frame to the switching point. Each virtual
cell can support the same number of users as a regular cell in the
system with omnidirectional antennas, and the radio resources
are shared within the three sectors in a virtual cell. Thus, to
apply the virtual cell-based code/time slot assignment scheme
in the TDD/CDMA system, we consider the traffic load in every
diamond-shaped sector rather than a hexagon-shaped cell.

Fig. 11 shows one probable scenario, where U;, and D; de-
notes the required uplink/downlink code/time slots of sector
in the uplink and those in the downlink, respectively. We define
L(SP) as the function of unsatisfied traffic requirements, and
SP is the switching point, which is an integer over the interval
[0, 8]. For exmple, if we set SP equal to 0, L(0) will equal to
U1+ Us+Us = 10 due to no uplink slot is allocated. On the con-
trary, if we set SP equal to 8, L(8) will equal to D1+ Dy + D3 =
9. Thus, we may find the minimum unsatisfied requirements by
substituting all possible switching point setting into L( - ). How-
ever, if Max(Uy, Us, Us) + Max(D1, Dy, D3) < 8, all inte-
gers over the interval [Max(Uy, Uz, Us), 8—Max(D1, Da, D3)]
minimize the unsatisfied requirement.

After switching points among each virtual cell is set, the up-
link slot assignment begins from the beginning of the frame until
the switching point, and downlink slot assignment begins from
the end of the frame to the switching point. When there is a new
mobile arrival, the system will allocate multicodes within one
time slot, or in the next time slot if necessary. If the remaining
available code/time slots is not enough, this request from the
mobile will be blocked. As shown in Fig. 12, we assume that
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Fig. 11. An example for setting the switching point among the virtual cell.
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A, B, ... : mobile terminals
Fig. 12. The scheme of time slot allocation.

a frame contains eight time slots during each of which four or-
thogonal codes can be assigned to a user. In this example, mo-
bile A requests two uplink time slots and five downlink time
slots. Then we assign two codes in the first time slot for the up-
link transmission and five codes in the last two time slots for
the downlink transmission. When mobile B arrives and requests
three uplink slots and four downlink slots, the remaining two
codes in the first time slot and the one code in the second time
slot are allocated for uplink transmissions. The remaining three
codes in the seventh time slot and one code in the sixth time slot
are allocated for downlink transmissions.

VI. SIMULATION RESULTS

Based on the proposed code/time slot assignment scheme, we
simulate the signal-to-interference ratio (S/I) and call blocking
performance in a TDD-CDMA system with 19 cells as shown
in Fig. 2. To demonstrate the advantage of using directional an-
tennas in TDD-CDMA system, four kinds of slot assignment
schemes are compared:

. Scheme I: the global control on the switching point set-
ting in the TDD-CDMA system with omnidirectional
antennas;

. Scheme II: the distributed control on the switching

point setting in the TDD-CDMA system with omni-
directional antennas, where every cell has different
switching point setting;

. Scheme III: the proposed virtual cell-based slot allo-
cation algorithm in the trisector TDD-CDMA cellular
system,

. Scheme IV: the sector-by-sector based switching point

setting in the trisector TDD-CDMA cellular system.
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TABLE 1II
UPLINK AND DOWNLINK TRAFFIC REQUIREMENT IN EACH SECTOR OF FIG. 2
Sector 1 Sector 2 Sector 3
Required Required Required Required Required Required
Cell  Uplink Slot Downlink Slot  Uplink Slot ~ Downlink Slot ~ Uplink Slot ~ Downlink Slot
A 2 5 2 6 2 4
B 2 5 2 3 2 6
C 5 2 2 5 3 3
D 2 4 2 2 3 4
E 5 3 2 4 3 2
F 2 5 3 5 2 5
G 2 4 2 6 2 5
H 4 2 2 S 2 3
1 2 4 2 4 2 S
J 3 3 2 3 2 2
K 3 4 4 3 4 2
L 5 2 2 S 2 4
M 3 5 2 4 2 5
N 2 5 2 4 2 5
[0) 2 3 2 4 2 4
P 2 5 3 3 4 3
Q 5 2 3 4 4 3
R 4 2 S 2 2 5
S 2 4 3 5 2 4
: — - Scheme |, based on all cells.
""" Scheme |, based on each cell.
0.97 Proas; g 4o — Scheme Il virtual cell based.
N =.= Scheme |V, sector based.
e I L weses Sesserees: s
i Schemellll
= K
% 09 . ;
@ :
Q . .
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Fig. 13. Uplink E, /I, performance of slot allocation schemes in both omnidirectional and trisector cellular system, where Scheme 1 is the global setting in omni

case, Scheme II is the local setting in omni case, Scheme III is the proposed virtual cell-based case, and Scheme IV is the sector based setting in directional case.

In our simulation, we evaluate both the bit energy to the in-
terference density ratio Ej /I and call blocking performances
in the TDD-CDMA system with directional antennas and those
with omnidirectional antennas, where Ej, /1 0@m) = 9 /I(aB) +
PG gp). Here we consider a processing gain PG = 10 dB. As-
sume that the up/downlink bandwidth requirements in each sector
are different as shown in Table II. Let each cell have the same
number of codes and time slots, i.e., a frame containing eight time
slots and nine sets of orthogonal codes. Furthermore, we assume
thatevery virtual cell is allowed to manage its own radio resource,
To eliminate the boundary effect in simulation, we also adopt the
wrap-around technique in a 19-cell environment.

Fig. 13 compares the uplink Ej, /I performance of the four
aforementioned slot assignment schemes. In the figure, there

are two groups of curves. The curves in the right part are the
E, /Iy performance for a system with directional antennas, and
the left part is that for a system with omnidirectional antennas.
It is obvious that both Schemes III and IV with directional an-
tennas outperform Schemes I and II with omnidirectional an-
tennas. Focusing on the curves of Schemes III and IV, we find
that the Fy, /Iy performance of Scheme I is slightly better than
Scheme IV. This is because the intercell interference is smaller
in Scheme III. Though in Scheme IV the intercell interference
can also be restricted in a small area, if the switching point set-
tings of the three neighboring sectors in a virtual cell are dif-
ferent, the cross-slot interference among the three sectors can
still degrade the 90th percentile of Ej /I, performance by 1.5
dB compared to Scheme III. Because of the same reason, the
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Fig. 14. Downlink E; /I, performance of slot allocation schemes in both omnidirectional and trisector cellular system, where Scheme I is the global setting in
omni case, Scheme II is the local setting in omni case, Scheme III is the proposed virtual cell-based case, and Scheme IV is the sector based setting in directional
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Fig. 15. The blocking rate comparison of TDD-CDMA system between four different setting, where Scheme I is the global setting in omni case, Scheme II is
the local setting in omni case, Scheme III is the proposed virtual cell-based case, and Scheme IV is the sector based setting in directional case.

E, /I performance of Scheme I (i.e., the omnidirectional an-
tenna case with the global control on the switching point setting)
is better than Scheme II (i.e., the omnidirectional antenna case
with local setting). Thus, in the system with omnidirectional an-
tennas, it may be necessary to set the same switching point in
all cells to avoid cross-slot interference.

Fig. 14 compares the downlink F} /I, performances of the
aforementioned four time slot allocation schemes. In the figure,
one can see that the F} /Iy performances of Schemes III and
IV (the curves in the right part) outperform Schemes I and II.
For example, the 90th percentiles of Ej,/ I for Schemes IIT and
IV are 5 and 1.5 dB, respectively, while the 90th percentiles of
Ey /1, for Schemes I and II are —9 and —10 dB. The perfor-

mance improvements of Schemes III and IV over Schemes I and
IT are explained as follows. The major cross-slot interfering sig-
nals are from all the surrounding six cells in Schemes I and II,
while there are only three sectors within a virtual cell causing
cross-slot interference in Schemes III and IV. Besides, one can
see that the I, / I performance of the two omnidirectional cases
are very close. This is because in Schemes I and II most inter-
fering signals during downlink transmissions are from base sta-
tions and their interference scenarios are similar.

Fig. 15 shows the call blocking performance of the four dif-
ferent allocation schemes. We can see that the proposed Scheme
IIT has the same call blocking performance as the omnidirec-
tional antenna case, i.e., Scheme II. Recall that Scheme III ag-
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gregates all the codes/time slots of the three sectors in a virtual
cell and then assigns these time slot/codes to the covered mo-
bile terminals, while Scheme II assigns codes/time slots to mo-
bile terminals in a cell with omnidirectional antenna. Since a
virtual cell has the same coverage area and the same number of
codes/time slots as an omnicell, the call blocking probability of
the two schemes perform closely. However, Scheme II has poor
radio link performance as shown in Figs. 13 and 14. In Scheme
I, an optimal switching point setting is required for the global
uplink/downlink bandwidth ratio among all the cells within the
entire system. If adopting a global uplink/downlink bandwidth
ratio as in Scheme I, each cell may sacrifice its actual traffic re-
quirement, thereby causing higher call blocking than Schemes
IT and III. The blocking rate of Scheme IV is very high due to
the decrease of trunking efficiency. Observing from Figs. 13, 14,
and 15, we can conclude that the proposed virtual cell-based re-
source allocation in TDD-CDMA systems with trisector cellular
architecture can have the best E}, /Iy performance, while main-
taining good blocking rate performance.

VII. CONCLUSION

In this paper, we have developed an analytic framework
to evaluate the interference of the TDD-CDMA system with
directional antennas and asymmetric services. Our results show
that the strong cross-slot interference in the TDD-CDMA
system will be restricted into a small area, namely a virtual cell,
if a trisector directional antennas are employed at base stations.
It is found that the directivity of sector antennas can provide ad-
ditional degree of freedom for allocating radio resources, which
inspires us to design a virtual cell-based code/time slot assign-
ment scheme to allocate radio resource in the TDD-CDMA
system. Through simulation, we have demonstrated that by
coordinating the switching point setting of only three sectors
in a virtual cell, the proposed simple code/time slot allocation
algorithm can substantially reduce the strong base-to-base and
mobile-to-mobile cross-slot interference, while maintaining
good call blocking performance. Therefore, through the virtual
cell-based code/time slot assignment algorithm in the trisector
cellular structure, the TDD-CDMA system can have a greater
flexibility in supporting asymmetric service by allowing inde-
pendently setting on the rates of asymmetry in every small area
within the entire system.

Some interesting future research topics that can be extended
from this work includes the issue of designing an optimal
dynamic switching point setting algorithm in the context of
virtual cell based TDD/CDMA system. Furthermore, in a
TDD/CDMA system employed with the more advanced beam-
forming antenna technique, developing an efficient resource
allocation algorithm is still an important issue. In [4], it is found
that although beamforming antennas can effectively alleviate
the base-to-base cross-slot interference, the mobile-to-mo-
bile cross-slot interference can still be a problem because
a mobile terminal cannot be easily equipped with multiple
antennas. Accordingly, for a TDD-CDMA system equipped
with beamforming antennas at base stations, how to develop
an efficient resource allocation algorithm becomes inevitable
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from the aspect of overcoming the mobile-to-mobile cross-slot
interference.
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