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Abstract—An innovative hierarchical microcell/macrocell ar- [3] decreases the macrocell system capacity if the available
chitecture is presented. By applying the concept otluster plan- spectrum has already been assigned to macrocells. Channel
ning, the proposed sectoring arrangement can provide good borrowing [4] can only relieve hot-spot traffic, but it is

shielding between microcells and macrocells. As a result, un- . ffective if th iahbori lls also h h traffic. Th
derlaid microcells can reuse the same frequencies as overlayingme ective It the neighboring cells also have heavy traific. 1he

macrocells without decreasing the macrocell system capacity. SCheme in [5] requires power control (both uplink and down-
With the proposed method, microcells not only can be gradu- link) and DCA, both of which will increase implementation
ally deployed, but they can be extensively installed to provide cost.

complete coverage and increase capacity throughout the service  Thig naner introduces an innovative hierarchical micro-
area. With these flexibilities, the proposed method allows existing . .

macrocellular systems to evolve smoothly into a hierarchical cell/macrocell architecture Fo cwcumvept the above trade-offs.
microcell/macrocell architecture. Under the proposed architecture, microcells can reuse the
macrocell frequencies and will not decrease the macrocell
system capacity. Furthermore, unlike the channel-borrowing
scheme, which is effective only when the neighboring cells
have free channels, the proposed architecture allows the mi-

. INTRODUCTION crocells to be deployed throughout the whole service area

IERARCHICAL microcell/macrocell architectures haveegardless of the traffic loading of the neighboring macrocells.

been proposed for future persona| communications sﬁompared to the system in [5], our architecture neither requires
tems [1]. These architectures provide capacity relief to RCA nor downlink power control.
macrocell System and offer many advantages over a pureThe remainder of this paper is Organized as follows. Section
microcell system. Unlike the pure microcell system, whicH describes the system architecture. Section Il offers a
requires extensive microcell base-station (BS) deploymdfg¢quency planning algorithm to identify the low-interference
throughout the whole service area, a hierarchical architectiif@crocell frequencies that can be used in the microcells.
allows gradual deployment of microcells as user demarfggction IV describes the propagation model and system as-
increases. The hierarchical architecture also protects invesmptions. The cochannel interference performance of the
ment cost in the existing macrocellular system, while a quyerIaying macrocells and underlaid microcells are discussed
microcell system requires replacement of the macrocell BSI8. Sections V and VI. The adjacent channel interference is
Furthermore, the fast handoff requirement in a pure microcéliscussed in Section VII. We conclude our discussion in
system can be relieved in the overlaying architecture Iection VIII.
temporarily connecting the call to a macrocell BS [2].

The method of sharing the radio spectrum is the key issue II. SYSTEM ARCHITECTURE

for hierarchical microcell/macrocell systems. Different kinds
of frequency sharing schemes have been proposed in
literature [3]-[5]. Orthogonal sharing partitions the frequen
channels into two disjoint sets: one for macrocells and one
microcells [3]. Channel borrowing requires that the underla
microcells utilize the free channels of adjacent macroce
[4]. A overlaying scheme that combines dynamic channE
allocation (DCA) and power control is proposed in [5]. Eac
of the above schemes has some problems. Orthogonal sh

Index Terms—Cluster planning, hierarchical cellular architec-
ture, macrocell/microcell overlaying system.

Fig. 1 shows a traditional three-sect&f = 7 cellular
gh%tem, where each cell consists of three sectors fdnd

?Ze number of cells per cluster. In this system, the total
annels are partitioned into 21 sets. The channel sets are
signed to the sectors so as to satisfy the frequency reuse
nstraint, e.g., channel sgfin Fig. 1. The widely distributed
channel interference makes it difficult to reuse the channel
ets outside of their designated sectors. In the following,
AR introduce acluster planning procedure to change the
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Fig. 1. Traditional three-sectoN = 7 cellular system.

where seven cells form a cluster and share the entwar system, macrocells use frequencies on the front-lobe

spectrum. area of their directional antennas, while microcells reuse the
2) Divide macrocell clusters into three adjacent groumame frequencies on the back-lobe area. In the conventional

(Fig. 2). three-sectorN = 7 cellular system (Fig. 1), the back-lobe
3) Let the first group be the reference group. area of each channel set will still encounter some first-ring
4) Rotate the channel sets of the sectors in the second grinterferers. To protect the back-lobe areas from the first-tier

12¢° clockwisewith respect to the first group. interferers, we rotate the sectors through the cluster planning

5) Rotate the channel sets of the sectors in the third groppcedure described in Section Il. Cluster planning creates
120° counterclockwiseavith respect to the first group. low-interference microareas, as shown in Fig. 3, which lie
Based on the above procedure, the sector rotations crétdhe back-lobe areas of the first-tier interferers. For ease
low-interference regions outside the areas of the designaffdndexing, a microarea denotes a region of three adjacent
macrocell sectors for each channel set. These low-interferefaacrocell sectors, each of which belongs to a different BS.
regions are callednicroareas Fig. 3 shows the result of Fig. 4 shows an example of a microarea. Each microarea has
rotating the sectors. We see that zonesvAF have a very aninterference neighborhoodiefined as the 18 neighboring
low interference for channel sdp since they are located in macrocell sectors that surround the microarea.
the back-lobe areas of the macrocell sectors using channel sdi€t ¥ represent the channel set in the secto(i =
44. Thus, microcells in these areas can use channelset 3, and ) of cell site ¥ (¥ = 1 ~ 7); associate the
superscriptj in U7 (j = 1 ~ 3) with three types of
cluster rotations—120°, 0°, and 120. Then, the following
Ill. UNDERLAID MICROCELL PLANNING ALGORITHM interesting observation can be made.

As shown in Section I, microcells in the proposed ar-
chitecture that are located in microareas can reuse certain )
macrocell channel sets. To have a greater flexibility in selectify OPservation
the microcell BS locations, it is important that we identify Consider a microarea and its interference neighborhood. A
all possible microareas and the available channels sets.niitroarea can be located in the back-lobe area of the sectors
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3rd group

1st group

Fig. 2. Cluster planning for the proposed system.

using channel setifé and \I/{, (j =1~ 3)ifand only if it The indicator matrices are
is surrounded by the main-lobe of three cochannel macrocell

sectors using channel sdt/ |; (j = 1 ~ 3). B, — 8 1 8 B, — 8 1 8
Based on the above observation, the following algorithm 1= 01 0 2= 01 0
has been developed to determine the macrocell channel sets
that can be reused in a microarea. 0 1 1 111
B;=10 0 O B;,=|0 0 0
B. Macrocell Channel-Selection Algorithm 010 000
1) Objective: identify low-interference macrocell channels 110 0 10
that can be reused in the underlaid microcells. B;=10 0 0 Be=10 1 1
2) For any microarea and its interference neighborhtibd 100 000
let 0 1 0
i B;=(0 1 0
e={UecM }' 0 1 0
denote the union of channel selig that are used id/. o o )
3) From ©, a 3 x 3 indicator matrix By = [b;;] is Examination of the indicator matriceBy (T =1~m
constructed for cell cite& = 1 ~ 7, where reveals thatB, is the only matrix having a row of ones

1 if the channel sef? € M and two rows of zeros; the second row and the third rows

bi; = {0’ otherwise @ of B, are the zero rows. According to the above algorithm,

’ ) 45 and 4, are the low-interference macrocell channel sets

4) If a certain indicator matriBy has a row of ones and available for use in microared. To see if microcells can

two rows of zeros, then the zero rowsBf, correspond pe established in any location, we have examined a system

to the macrocell channel sets available for the microaregith more microareas in Fig. 5. Through the above channel-

1) Example: We illustrate the above algorithm by the fol-selection algorithm, Table | shows that each microarea in the
lowing example. According to Figs. 3 and 4, the interferenceervice area can reuse two macrocell channel sets. Recall that

neighborhood of microared is a microarea represents an area of three macrocell sectors, each
of which belongs to three different cell sites. Thus, a macrocell
{0 ={12,13,12,23, 23,22, 32,33, 82,4}, 42,43, g

I area can has five channel sets—three for macrocells and two
S Oar 95,65, 65,63, 70, 73, 75, - for microcells. In a macrocell area, each of three macrocell
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Micro-area A~F
(using channel set 4 8)

Group 3

. Main-lobe area of macrocell
sectors with channel set 48

Fig. 3. Example of the proposed microcell/macrocell overlaying system. Microcells in microarefa éan reuse the low-interfering macrocell channeliget

sectors reuses its channel sets only once, while a microasemacrocell environment, it is still applicable to characterize
can reuse its two macrocell channel sets many times{5ay the path loss outside the microcells [3].

times, with a suitable cochannel reuse distance. Thus, it is

implied that a macrocell area can use+2 x C,, channel g Assumptions

sets simultaneously. Compared with three channel sets in the . . )

conventional three-sector macrocell, the system capacity of thet) Interference:In the hierarchical architecture, we con-

proposed architecture increases by a factor af A x C,,/3 sider four types of cochannel interference. In addition to
times. # the usual macrocell-to-macrocell and microcell-to-microcell

cochannel interference, we must also consider macrocell-to-
microcell and microcell-to-macrocell cochannel interference.
IV. PROPAGATION MODEL AND SYSTEM ASSUMPTIONS Adjacent channel interference is also discussed in Section VII.
2) Antenna: The macrocell BS's are assumed to use 120
A. Propagation Model directional antennas, while microcell BS’s use omnidirectional
antennas. The MS also uses omnidirectional antennas.
3) Uplink Power Control: In this paper, we adopt the
e (hphom)? power contr_ol scheme used in 1S-54 and AMPS systems [6].
Pr=""u = (1) The transmitted power of Class-IV 1S-54 portable handsets
is adjusted in six levels from-22 to —2 dBW in steps of 4
wherep, andp; are the received and transmitted powéss, dB. Downlink power control is not required in the proposed
and h,, are the antenna heights of the BS and the mobitechitecture. Before proceeding, we first clarify our notation.
station (MS), respectively, and is the distance between theWhen M and ;. are used, they represent macrocells and
transmitter and receiver. Note that we incorporate the antermérocells, respectively; whem andb are used, they denote
gains in the transmitted power. Although (1) is derived frorthe MS and BS, respectively; whehand « are used, they

Our analysis considers the simple path-loss model [7]
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A. Downlink Cochannel Interference Analysis

By applying (1), we express the signal-to-interference ra-
tio (S/1) received by the MS at the macrocell boundary
as

oM (hy" hn)?
t,b
SJ(%l _ R?\{
d d 7 Ny Z, C,
L+ T pd () Enapt (B o )?

D} +ZZ 7 d?k

i=1 g j=1k=1

(2)

s¢, MS received power from the desired macrocell BS;

I¢, downlink macrocell-to-macrocell interference;
J;fM downlink microcell-to-macrocell interference;
pM macrocell BS transmitted power;
. cell site Py microcell BS transmitted power;
Ny number of macrocell interferers;
AN i i i .
AN ‘. macrocell sector of the Ist group Zu number of m_terferlng microareas,
AN C, number of microcell clusters in a microarea;
Ty D; MS distance to théth interfering macrocell BS;
% *. macrocell sector of the 2nd group d;x MS distance to thé&th interfering microcell BS in
the jth microarea;
_ R} macrocell BS antenna height;
N macrocell sector of the 3rd group n microcell BS antenna height;

hom MS antenna height;
Fig. 4. Interfering neighborhood for microarea A in Fig. 3. R macrocell radius

indicate the downlink (BS-to-MS) and uplink (MS-to-BS), Referring to Fig. 5 and Table |, we examine the downlink in-
respectively. terference when a macrocell MS using channel sés located
at the macrocell boundary near microarea 56. One can find that
the macrocell-to-macrocell downlink interferenég, mainly

As shown in Section II, the new cluster planning techniqgusomes from the two first-tier macrocell BS’s near microareas
with sector rotation can create some low-interference regions and 68 with distancefD;,D;] = [4,3.61]R;. How-
so that microcells can reuse macrocell frequencies. Neveker, we also consider the three second-tier interfering BS's
theless, some macrocells will experience higher interferencear microareas 11, 17, and 62 at distandes D., D;] =
after rotating the sectors. To evaluate the influence of tff®89,8.89,8.72]R,,. For the microcell-to-macrocell down-
sector rotations on the macrocell performance, we simuldiek interferencerM, one can find six interfering microar-
both the conventional macrocellular system (Fig. 1) and tleas 35, 48, 54, 80, 86, and 99 in the first tier with dis-
proposed hierarchical cellular system (Fig. 3) without thances[d;,ds,ds, dy, ds, dg] = [3,4.58,3.46,6,5.2,6.25|Ry;.
underlaid microcells. Fig. 6 shows the simulation results dthe second-tier interfering microareas 3, 29, 41, and 92
the uplink signal-to-interference (S/I) performance for bothave distancesd;,ds, do, d1o] = [7.55,9,7.94,12|Rys. We
systems, assuming that the MS’s are uniformly distributed assume that each microarea h@s microcell reuse clus-
each sector and they transmit with the maximum power. Wers, with each cluster having, microcells. Through the
consider the uplink case because performance is usually betteannel-selection algorithm in Section 1ll, each microarea
in the downlink than in the uplink [3]. With respect to 90%s assigned two macrocell channel sets. We further parti-
coverage probability, one can observe that the sector rotatiion these two sets of channels infg, groups and then
technigue creates low-interference regions at the cost of abassign each group to th&,, microcells in each cluster.
3.1, 3.3, and 3.5 dB S/I degradation for path-loss expondnt this manner, a macrocell channel set is uggd times
[ = 3.6, 3.8, and4.0. It is noteworthy that even after sectorin a microarea. For ease of analysis, we assume that the
rotations, the macrocell can maintain S/I higher than 20 distanced; approximatesl; ., whered; is the distance from a
in 90% of the coverage area. In the following, we furthemacrocell MS to the center of thgh interfering microarea
include the underlaid microcells to analyze the performanceanfd d;; is defined in (2). In our example, the microcell
the proposed hierarchical cellular system. For ease of analy8l§, antenna height is one third of macrocell BS antenna
we hereafter adopt the worst case scenario, i.e., when an Nsght, i.e., 2l'/h)M = 1/3. With the above assumptions
is on the cell boundary. in (2)

V. MACROCELL PERFORMANCE
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Fig. 5. Frequency planning for the proposed system with 100 microareas. Table | lists the available channel sets for the above 100 microareas.

We show the downlink S/I performance in terms 6f,

s¢, and P[f?)/p% in Fig. 7 with consideration of only first-tier
m interfering BS’s; in Table Il, with considerations of both first-
# 1 and second-tier interfering BS’s. Observe tRaAl > 18 dB for
= - . C,=6andP},/P} < 0.3. In other words, the channel set
1.02875 x 10~2 + C,, % % 2794 49 x 10—3 44 can be reused six times in the microarea while still keeping
P the macrocell downlink S/I greater than 18 dB. Furthermore,

(3) by comparing the results in Table Il with Fig. 7, one can find
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TABLE |
AVAILABLE MACROCELL CHANNEL SeTS FOR THE100 MICROAREAS IN FiG. 5

zone | channel set || zone | channel set || zone | channel set || zone | channel set
1 Toan 78 26 6a, 6y 51 6a,6p 76 34,33
2 5,5y 27 Ton Ty 52 T T 77 6c, 6
3 15,1, 28 Sas B3 53 58,54 78 Tar Ty
4 23,2, 29 1oy 18 54 1,14 79 5a, 98
5 4oy dy 30 20,25 55 25,2, 80 1o, 15
6 303 31 30,33 56 40,4y 81 44,45
7 63,6, 32 6, 6 57 34,3, 82 30,33
8 T8, Ty 33 T T 58 63,6y 83 6ce, 6
9 Bor By 34 50,53 59 o, Ty 84 Tar Ty
10 la, 1, 35 la, 13 60 5, By 85 5,55
11 4o 4y 36 20,25 61 25,2, 86 la, 15
12 30, 3 37 45,4, 62 do,4y 87 225
13 6,6, 38 35,34 63 3a,3y 88 43,4,
14 78,7y 39 6o, 65 64 63, 6 89 35,34
15 5, By 40 Tar 75 65 78, Ty 90 6o, 63
16 la, 14 41 la, 15 66 5a,5y 91 54,98
17 205 2 42 20,25 67 lay 1y 92 oy 15
18 44,45 43 45,4, 68 20,2y 93 20,28
19 30,33 44 33, 34 69 44,45 94 45,4,
20 6,6y 45 64,63 70 30,35 95 35,34
21 Sy By 46 Ta, 18 71 78y 7 96 6,63
22 1oy 1y 47 5g, 5y 72 54,58 97 Ty 78
23 20,2y 48 15.1, 73 Lo, 1, 98 53,5y
24 46,45 49 25,2, 74 20s 2 99 1,1,
25 30y 38 50 40,4, 75 40,45 100 25,2

that the second-tier interfering BS’s only degrade the S/l by 1.0

[ H B
about 0.5 dB. L ‘
B. Uplink Cochannel Interference Analysis ’

By modifying (2) slightly, we can formulate the uplink S/I :
performance as 0.8 |
\
pM (hz{whm)Q \ ‘
’ t,rniz; s
B R} -
u u ; Z, Cl 3
Ij\l—i_‘]/uw \Ipt m(h hrn w O tm h hrn 2
Z— D) DT
i=1 j=lk=1 5 06
@ i
(4) 2 ‘
R P : 4 N
where o . B i
o macrocell BS received power from the desired MS; ——B=356, proposed _ N N
Iy, uplink macrocell-to-macrocell interference; 04 E:ig g:gg::g ‘ LELN
.a uplink microcell-to-macrocell interference; — — - B =36, conventional N N
PM macrocell MS transmitted power; == B=3.3, conventional AR NN
T . X —— B = 4.0, conventional 4oy N
P, microcell MS transmitted power. : : : TN
) . - . z NG N
The other parameters are defined following (2). With direc- j f : ; \\\\ '
tional antennas, the macrocell BS’s experience fewer interfer- | j i : RSN
ing microareas in the uplink direction as compared with the 15 20 25 30 35
downlink direction. Consider the macrocell sector that is as- S/ (dB)

signed with channel s@ty and near microarea 37. This macrorig. 6. Comparison of the uplink S/l performance of conventional macrocells
cell sector encounters two first-tier MS’s and four second-tiend the proposed hierarchical cellular system without underlaid microcells for

macrocell interfering MS's WitfD;, Dy, D3, Dy, D5, Dg] =  different path-loss exponert.

[3.61,3.61,8.54,8.19,8.19, 7.81] Ry; and interfering microar-

eas 23, 55, 61, 68, 74, and 100 (i.€Z, = 6) with We ignore the effect of the three other interfering microareas
[d1,da,ds,ds,ds,dg] = [7.0,7.0,14.7,5.3,11.5,9.53|Ry;. 4, 17, and 49 because they are located in the back-lobe area
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22.0 - - TABLE 1
: ; | DOwWNLINK S/l PERFORMANCE FOROVERLAYING
==Tc,=1 o MACROCELLS WHERE h4 /h}M = 1/3
710 : S§, /0% + I8y (dB)
A 2
200 u ol o, =1]c=2]C=4|Cu=6
Prb
0 19.88 19.88 19.88 19.84
19.0 0.1 19.76 19.64 19.42 19.22
= 0.2 19.65 19.42 19.02 18.65
8 180 0.3 | 1953 | 19.22 | 18.65 | 1815
b 0.4 19.43 19.02 18.31 17.70
0.5 19.32 18.83 17.99 17.29
17.0 0.6 | 19.22 | 18.65 | 17.69 | 16.91
0.7 19.12 18.48 17.42 16.57
16.0 0.8 19.02 18.30 17.16 16.25
: 0.9 18.93 18.14 16.91 15.96
15.0 i e 1.0 | 18.83 | 17.99 | 16.68 | 15.68
14.0 ’ ‘ : ‘
0.0 0.2 0.4 0.6 0.8 1.0 22.0
M
p“(,b /p Ly : —_— C“=1
_ _ _ , 21.0 s S C,=
Fig. 7. Macrocell downlink S/I performance againgt, /p;", for different -~ C,=
values ofC,,, wherep}', /p;"} is the ratio of the transmitted power of the S (C;“Z
microcell BS to that of the macrocell BS ady, is the number of microcell 20.0 - e —aC =6
clusters in a microarea.
19.0 ¢
of the sector using channel s&¢. By substituting the above g
values into (4), the uplink S/I performance for this example S 18.0
becomes @
N 17.0
M
Iy +Jim 160
1
- (3)
. 15.0
1.2677 x 10724+ C,, i x 2.11 x 103
pt,rn
14.0
. . . i 0.0 0.2 0.4 0.6 0.8 1.0
Fig. 8 shows the results. It is observed that S/l is higher than ot pt

18dB forCy, =1~ 6 if
Fig. 8. Macrocell uplink S/l performance against,, /p}, for different
£ values ofC,,, wherep!', /p} . is the ratio of the transmitted power of the
Pt,m < 0.2. (6) microcell MS to that of the macrocell MS ar, is the number of microcell

M= clusters in a microarea.
,m

Note that we obtained (6) by assuming that the interfering. Downlink Microcell Size
macrocell MS’s are on the cell boundary and are transmitting

with the maximum power. Thus, (6) can be used to determili? S-criterion: an MS will receive stronger powet at the

the maximum microcell MS’s transmitted power. For the 1S-5¢,0 0 boundary than at the macrocell boundary and 2) S/I-

Class-IV portable handset (that adjusts its transmitted POWEterion: the signal-to-interference ratio (S/1) at the microcell

in si_x Ievels_ from —22 to —2 .dBW)’ 6) i_mplies that_the boundary is equal to or better than that at the macrocell
maximum microcell MS transmitted power+9 dBW, which boundary

is still in the operation range of the Class-IV terminal. Thus, 1) S-criterion: From the path-loss model in (1), the micro-
the requirement in (6) can be fulfilled by the current Up”n%ell radius R c'an be calculated as '
14

power control scheme in 1S-54 system without changing the
H BN 2
Pry <h_b)
A

MS transmitted-power specification.
where Ry, hyy, hy', pl,, andp, are defined in (2).
This section studies how to determine the microcell size to 2) S/I-criterion: The S/I received by the MS at the micro-
achieve the required S/l performance. cell boundary can be written as (8), given at the bottom of the

A feasible microcell size should satisfy two conditions:

1/4

R, < Ry (7

VI. MICROCELL PERFORMANCE
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page, where the parameters,, p, hy', hy, C,, andh,, MS, but for the microcell MS this kind of interference may

are already defined in (2) and be relatively strong compared to the received signal strength
Sﬁ MS received power from its desired microcell BSfrom thelow-poweredmicrocell BS. For the same reason, the
]ﬁ downlink microcell-to-microcell interference: macrocell interferers in the second ring are considered here.
J3,,  downlink macrocell-to-microcell interference; a) Example: Referring to Fig. 5 and Table I, microarea
Nyg number of main-lobe macrocell interferers; 56 can be assigned channel sgfs,4,]. Take channel set
Ny, number of back-lobe macrocell interferers: 4, as an example. Microarea 56 will experience three first-

Dyi MS distance to théth main-lobe interfering BS;  tier back-lobe interferersNy;, = 3), each of which has the
D MS distance to thgth back-lobe interfering BS; following distance:
D, MS distance to théth microcell interfering BS;

Ry, macrocell radius; (D1 Dy o Dy ] = [2.65,2.65,2.65] (13)

R, microcell radius;

7 front-to-back ratio of the directional antenna irf0 the center of microarea 56. Three main-lobe interfering
macrocells. macrocells in the second tier are located near microareas 25,

Let (S/1),,, denote the required S/I. Then, (8) becomes (99, and 64 with the distances of
given at the bottom of the page, where

D/M\“ = Dy, /Ry, D/M\M =Dy, /Ry, and
f); =D, /Ry Additionally, three main-lobe interfering macrocell BS’s in

_ _ _ _ the third tier are located near microareas 13, 70, and 85 with
are the normalized distances of interferers with respect d@tances of

macrocell radiusky,. Our studies assume that the microcells

and macrocells have similar shapes and that the microcell [Das, 2 Dot .. Dag, o] = [7.0,7.0,7.0). (15)
clusters are adjacent to each other in a given microarea. " “ "

Suppose the distances from a microcell MS to its interfering js also important to determine if there exists interfering
microcell BS's are equal and close to the microcell cochannglcrocell BS's from neighboring microareas. From Fig. 5 and

[Daty s Dy o> Dary o] = [5.29,5.29,5.29].  (14)

reuse distance),, (i.e., D, = Dy, fori=1,---,C,). Then, Taple |, one can find one feature of the proposed system ar-
we have [7] chitecture—the adjacent microareas are assigned with different
D, = /_3KuRu (10) macrocell channel sets. For instance, microarea 56 in Fig. 5

is assigned with the channel sdt,,4,]. The neighboring
where K,, denotes the microcell cluster size. With, micro- microareas 45, 46, 55, 57, 66, and 67 use channel sets
cell clusters andf,, microcells inside each cluster, a microares,,, 65, 7., 75], 23, 2+], [3a, 3+]; [5a, 5], and [14,1,]. It is

has in totalC', K, microcells. Suppose that taken together theybvious that when considering the interfering microcell BS's, a

are smaller than the area of a macrocell. Then microcell MS will only be affected by the interfering microcell
Ry > \/C—KR (11) BS’s in the same microarea. Assume that each microarea

consists ofC},, microcell clusters. Then, an MS will experience
Substituting (10) and (11) into (9), we get (12), given at thihe interference from the remaining, — 1 microcell BS's,
bottom of the next page. Notice that we considéy;, back- excluding the desired one. Substituting (13), (14), and (15)
lobe macrocell interferers in (12). The back-lobe interferen@eto (12), one can obtain (16), given at the bottom of the next
from the macrocell BS’'s can be ignored for the macrocegtlage.
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Fig. 9. Effect of front-to-back ratio; on the microcell radius based on
downlink microcell S/l performance analysis, wheke / R,s andpi’;b/pi“’fb

are the cell radius ratio and transmitted-power ratio of microcells over
macrocells, respectively. WithiS/I).eq = 18 dB and hf /h}M = 1/3,
curves (a)~ (e) are obtained by S/I-criterion foy = 0,5,10,15, and20

dB, respectively, while curve (f) is obtained criterion.

2)
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dominates theS-criterion. For instance, in the case
of » = 10 dB andp/',/p}, = 0.4, one can obtain
R, < 0.5R); by the S/l-criterion and?,, < 0.46R; by

the S-criterion, respectively. For choosing the smaller
one, the microcell radius is therefore OH§. In this
example, one can see that a larger front-to-back ratio
7 does not imply a larger microcell size since the
criterion, which is independent af, will dominate the
S/I-criterion wheny is large.

C, > 2. Next, we consider the case when many mi-
crocells are deployed in each microarea. Fig. 10 shows
the downlink microcell size againgt/’,/p;";, for dif-
ferent values ofC,, where p,/p}'} is the ratio of
the transmitted power of the microcell BS to that of
the macrocell BS and’, is the number of microcell
clusters in a microarea. It is observed that(if, >

3, pi',/pi;, has little effect on the downlink microcell
size. This is because the interference from the microcells
Iﬁ will dominate the macrocell interference when the
number of cochannel microcel(€’, — 1) becomes large

in a given microarea. In other words, if a large number
of microcells are installed, the S/I-criterion will become
a dominating factor in determining the microcell size.
In the caseC,, = 6, for example, one should follow the
S/lI-criterion to getR,, < 0.165Ry, from Fig. 10.

B. Uplink Microcell Size

1) €, = 1: We first consider a special case, where only 0ne gjmjjar to the former analysis, the uplink microcell size is
microcell is installed in a microarea. In the beginningqived from the S/l analysis. More specifically

stage, this may occur when a large underlaid microcell is

first installed to release traffic load of the macrocellular Sy
system. Fig. 9 shows the effect of the front-to-back ratio Ju 4+ Ju
. . I3 + My
n on the microcell radius, whereb§$/I).., = 18 dB B )2
and nf' /b = 1/3. If the S/I- and S-criterion result fnl%
in different microcell radii, then the smaller one will _ T R (17)
be chosen. From Fig. 9, one can observe that if front-to- Cﬂ—lpf (hl P )? Nat, P (R B )?
back ration > 10 dB, the microcell radius is determined > = Di +y == Di”
by the S-criterion, but whern; < 5 dB, the S/I-criterion i=1 pi i=1 M;
1/4
R, (S/Dieq (12)
Ry Naty 4 N 4 M MA 2
(Cu = 1)C, 1 + 1 Z 1 Prp <hL>
9 o \ Dy, M2\ D pﬁb hy,
1/4
-1
& < (S/I)req (16)
By = | (G, -1)C2

1\ (M RM N 2
+ <5.0803 x 10=3 + 0.0608 x _> Peb <Lﬂ)
9 ) \Pry ) \ 1
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where the parameteys’,, p;, C.hy', Dy, R, By, and 0.7 ‘
h.. have been defined in (2) and (8) and oo g; o) \ :
Sy m?crocell BS received power from the desired . gjgg))gz‘; | /ﬂ_:_,j—_ﬁjf;
microcell MS; —x(6)Ci8 |
an uplink microcell-to-macrocell interference; ﬂm——* -
Jir,  uplink macrocell-to-microcell interference; 0.5 ; ; e
Ny number of macrocell interfering MS's; ‘ ‘ 5
Dy;;  BS distance to théth interfering macrocell MS; 04 . NS DUV BN
R, p uplink microcell radius. 7 : : : :
Let Dy = D/AZiRM and(S/I)., denote the required S/l £* 7
for a microcell BS. Using the same assumptions for getting ‘ ‘ ;
(12), one can simplify (17) as | S W S SR S S S —
1/4 0.2 ; {
- X X X
Ryunp _ (S/Dws, ' 01 b S
BTG na (3 (ot B o
9 = \Du,, Ptom %01 0z 03 04 05 06 07 08 03 1.0
=1 e . .
(18) PPy

In Section VI-A, we have shown that when the number &fig. 10.  Downlink microcell radiust,, againsu)i"b/p% for different values

. . . i — — ( KoM
microcell clustersC, becomes large, the downlink microcell® € in the casen = 10 dB, (3/D)rcq = 18 dB, andh; /h," = 1/3,
whereby the microcell radius is normalized with respect to the macrocell radius

size is insensitive to the interference from the macrocell. This,; p#, /v, represents the ratio of the transmitted power of microcell BS
is also true for determining the uplink microcell size. This wilfo that of macrocell BS; and’,, is the number of clusters in a microarea;

; ; 5 s the front-to-back ratio of the directional antentd; /1 is the ratio
be shown by an example later. When microcell Interferenggthe microcell BS antenna to the macrocell BS antenna. Curves (@)

dominates the performance, (18) can be approximated as are obtained by S/l-criterion fof’, = 1,2,4,6, and8, while curve (f) is
obtained byS-criterion.

1/4
Ryup 1 20
Rar = C,—nCZ| (19) ok N ——a
(5/Dreq——g—" \\ \ O
By combining (10), (11), and (19), we obtain the upper and VTN e
lower bounds ofK,, as 15 \\ \ N T o
% (S/I)req(cu - 1) < KH < C,i <@> . (20) \\ \ép\
H H \ \
The relation betweek’,, andC,, with R, /Ry, as a parameter 10 \
is shown in Fig. 11. x \

1) Example: Consider again microarea 56 in Fig. 5. Re- 3, T i
ferring to Table I, microarea 56 can be assigned channel N \Eg\\ﬂ
sets [44,4,]. Take channel set,, for example. The worst 1 o >
case occurs when interfering macrocell MS’s transmit max- 5 ~ -
imum power, i.e., at the macrocell boundary. For the ex- cm B o -
ample considered, the three first-tier interfering macrocell - R ——
MS’s near microareas 45, 47, and 77 are at distances of s NS
[Dar1, Daro, Dars] = [2.0,2.0,2.0]; the three second-tier 0 ; : " - - )
interfering macrocell MS’s near microareas 26, 53, and 89 c

are at distance§Dy; 4, Dars, Dare] = [4.36,4.36,4.36];

the three third-tier interfering macrocell MS'’s near microarEhig- 11. Ku“ éllgaiﬂst%ecwith B;]H/RM bas af p?rameter, wherebly, is §
- S S5 /1 _ the microcell cluster size,, is the number of clusters in a microarea, an
eas 32, 38, and 98 are at distand€hy 7, Dir,s, Do) = R, /Ry is the ratio of the microcell radius to the macrocell radius. Curve

[6.0,6.0,6.0]. Substituting these values into (18) and lettinga) represents the lower bound &f,, while curves (b)~ (g) represent the
(S/Dreq = 18 dB, we show in Fig. 12 the ratio of microcell upper bound off, for R,,/Ry = 0.13, 0.15, 0.20, 0.25, 0.30, and 0.35,
radius to macrocell radiusk, /Ry againstpl,, /pl:, for respectively.

different values ofC,,, wherep/, /p}., is the ratio of the

transmitted power of the microcell MS to that of the macrocefhicroarea. It is shown that a§), increases, microcell size
MS and C,, is the number of the microcell clusters in ebecomes insensitive tp’, /p}7,. Suppose our objective is
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TABLE Il
FREQUENCY MANAGEMENT PLAN FOR AVOIDING ADJACENT CHANNEL INTERFERENCE

la 1 22 43 64 8 106 127 148 169 190 211 232 253 274 295 316
201 2 23 44 65 86 107 128 149 170 191 212 233 254 275 296 317
3all 3 24 45 66 87 108 129 150 171 192 213 234 255 276 297 318
40 || 4 25 46 67 88 109 130 151 172 193 214 235 256 277 298 319
Safl 5 26 47 68 89 110 131 152 173 194 215 236 257 278 299 320
6a ||l 6 27 48 69 90 111 132 153 174 195 216 237 258 279 300 321
Tae || 7 28 49 70 91 112 133 154 175 196 217 238 259 280 301 322
1318 29 50 71 92 113 134 155 176 197 218 239 260 281 302 323
26019 30 51 72 93 114 135 156 177 198 219 249 261 282 303 324
38110 31 52 73 94 115 136 157 178 199 220 250 262 283 304 325
48 |11 32 53 74 95 116 137 158 179 200 221 251 263 284 305 326
56 1112 33 54 75 96 117 138 159 180 201 222 252 264 285 306 327
681 13 34 55 76 97 118 139 160 181 202 223 253 265 286 307 328
761114 35 5 77 98 119 140 161 182 203 224 254 266 287 308 329
19|15 36 57 78 99 120 141 162 183 204 225 255 267 288 309 330
2v |16 37 58 79 100 121 142 163 184 205 226 256 268 289 310 331
3y |17 38 59 80 101 122 143 164 185 206 227 257 269 290 311 332
4y || 18 39 60 81 102 123 144 165 186 207 228 258 270 291 312 333
5y i| 19 40 61 82 103 124 145 166 187 208 221 251 271 292 313

6y || 20 41 62 83 104 125 146 167 188 209 222 252 272 293 314

Ty || 21 42 63 84 105 126 147 168 189 210 223 253 273 294 315

to implement six microcell clusters in each macroarea (i.e., 040
C,, = 6) and still maintain(S/I)..q = 18 dB. We first need
to know the feasible cluster siz€,, and the microcell radius.
From Fig. 11, we obtaid{,, = 7 andR,, = 0.15x Ry;. Then,
from Fig. 12, we find the transmitted power for a microcell
MS should be at least 0.017 times that for a macrocell MS. 0.30
Consider an interfering macrocell MS, which is an 1S-54

0.35

Class-IV portable handset transmitting-a2 dBW. Thus, the 0.25
microcell MS transmitted power should be larger thaB0 =
dBW in this case. Recall the transmitted power of an IS-§1
54 Class-IV portable handset ranges frer22 to —2 dBW. 0.20

Consequently, the current 1S-54 Class-IV portable handset
can be used in both the macrocells and microcells of the 445
proposed system architecture without changing the handset

transmit power specification. T
0.10 /
VII. ADJACENT CHANNEL INTERFERENCEANALYSIS ]
0.05 : 5 ot
10° 10 10

In this section, we review a frequency management plan to
avoid adjacent channel interference in the conventional macro-
cellular system. Then, we examine if this management scheme 12 Uplink microcell radiug,. against}’,, /p;", for different values
still works for the proposed hierarchical cellular system. Asf C,., where the microcell radius is normalized by the macrocell radius
shown in Fig. 1, a traditional seven-cell macrocellular systeﬁw Pl /Pim i the ratio of the transmitted power of the microcell MS
has 21 sectors. If 10 MHz of spectrum is used and each Chan:qgrat of the’ macrocell MSC,, is the number of microcell clusters in a

oarea, andS/I)..q = 18 dB.
occupies 30 KHz, then a total of 333 carriers will be assigned
to the 21 sectors. A frequency plan to avoid adjacent channel
interference is shown in Table 1l [7]. Each row in the tabl@ two-carrier separation is maintained for the carriers
represents a frequency set that is designated to a sector. A$gigned to the microcells and the cosite macrocells within
scheme separates any two carriers assigned to adjacent se@dricroarea. For example, referring to Fig. 5 and Table |,
by seven carriers. the channel sef4«,4+] is assigned to microarea 56. The

Applying the frequency plan in Table IlI to the proposedosite macrocell sectors that use channel 5&t 2«, and
hierarchical cellular system (Fig. 5), we can easily see thay have at least a two-carrier separation. This feature is
there is no adjacent channel interference between macrosglid for all the microareas with channel assignment of
sectors. Even with the addition of underlaid microcellstable I.

Pio/Pp
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Taiwan, R.O.C., in 1986, the M.S. degree from Na-
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and the Ph.D. degree from the Georgia Institute
of Technology, Atlanta, in 1996, all in electrical
engineering.

From 1990 to 1992, he was with Telecommu-
nication Laboratories, Taiwan, where he worked

This paper has proposed a new sectoring scheme, wh
allows underlaid microcells to reuse macrocell frequencies. F
each area consisting of three macrocell sectors, the propo
architecture can reuse anothawo macrocell channel sets
six times while retainingS/I > 18 dB. Hence, the system

capacity of the proposed architecture can be five times tf t" on wireless PBX. Erom 1992 and 1996. he was a
of a traditional three-sectav = 7 cellular system (Fig. 1). Doctoral Candidate researching channel modeling

If the S/ requirement can be lowered, e.g., 9 dB in thahd architectures for cellular-based personal communications. During his

. L Ph.D. study in 1995, he worked for Nortel in Richardson, TX. Since July
gIObal system for mobile communications (GSM)’ then thﬁ)%, he has been with the Wireless Communications Research Department

improvement can be even larger. The capacity improvementaT&T Labs, Red Bank, NJ. His current research interests are in cellular

of the proposed architecture is achieved by deploying a |argéhitectures and radio resource management for personal communications.
pecific topics include interference analysis, macrodiversity systems, and

number of underlaid microcells. This feature, however, CaRgrarchical cellular architectures.
not be easily done in other sectored cellular architectures,

e.g., those in [8] and [9]. The proposed architecture allows
ardon L. Stuber (S'81-M'86-SM’'96) received the B.A.Sc. and Ph.D.

microcells to be deployed throthOUt the entire area, aﬁ‘egrees in electrical engineering from the University of Waterloo, Waterloo,
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demand of the cellular service. With these flexibilities, the In 1986, he joined the School of Electrical Engineering, Georgia Institute of

: P chnology, Atlanta, where he is currently a Professor. His research interests
proposed architecture a”_OWS Fhe eXITStmg macrocellular S afe in wireless communications and communication signal processing, with
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