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Macrodiversity Power Control in Hierarchical CDMA
Cellular Systems

John Y. Kim Student Member, IEEESordon L. StiberFellow, IEEE and lan F. Akyildiz Fellow, IEEE

Abstract—Hierarchical code division multiple access (CDMA) mobile station (MS) is received by several base stations (BSs)
cellular systems, consisting of macrocells with underlying micro- in both hierarchical layers and coherently combined. If we
cells, are studied. We seek power control schemes which will allow assume independent interference at different BS locations, the

both hierarchical layers to share the same spectrum. For the re- . . - . . .
verse link, hierarchical maximal ratio combining (HMRC) is ap- combined carrier-to-interference ratio (CIR) is the algebraic

plied where each mobile station (MS) is received and coherently SUM of the CIRs at each BS
combined by base stations (BSs) in both layers. For the forward

X ) o ; , ; N M

link, selective transmit diversity (STD) is applied where each BS

provides multiple transmit paths for MSs to choose. We show that CIRumre = Z ClRmicroi + Z ClRmacro; (1)
both HMRC and STD are effective in hierarchical CDMA architec- i=1 Jj=1

tures. We conclude that hierarchical architectures are a viable so- . . o
lution for improving CDMA cellular system capacity, and a signif- whereN andM are the number of BSs involved in combining.

icant performance gain can be achieved without assigning disjoint Recently, macrodiversity MRC (MMRC) has been proven to be
spectrum between the layers, by utilizing macrodiversity schemes gn effective way of improving the capacity in cellular CDMA

such as HMRC and STD. systems [4], [5]. In [4], the author proved the existence of a
_Index Terms—Hierarchical cellular architectures, macrodiver-  power control solution using MMRC and showed that the ca-
sity, maximal ratio combining, power control, selective transmit pacity is unaffected by outside interference. In [5], by assuming
diversity. equal reverse interference level at each BS in nonhierarchical
settings, the authors constructed a simple proof showing that

I. INTRODUCTION MMRC reverse link capacity is close to an isolated-cell capacity.

UTURE cellular systems will most likely employ awe furth_er generalize the results _in [5] and apply them to our
hierarchical architecture consisting of macrocells with ufji€rarchical COMA model. We derive an analytical solution for

derlying microcells. Such hierarchical architectures are of gréﬁMRC reverse performance without assuming equal level of re-

interest since they can boost system capacity on a per—né(g e—Icljnk mterferlclencefamong cells and STOW thf?t t;o;hbmmro—h
basis. In such architectures, macrocells cover large areas and macrocell performances are nearly unaffected by eac

sparse traffic densities, whereas microcells serve small ar8 Tirs preseml:'e.k. | idered to limit the CDMA
with high-traffic densities. However, due to their effective fre- e reverse link is commonly considered to limit the

guency reuse factor of one, hierarchical code division muItip?é(Ste.m (;apaC|ty. Howeve_r, with the emergence of asym-
access (CDMA) systems still must deal with cross—interferengéemc W|r_eles_s data.serwc_:es, the forward-link performgnce
between the hierarchical layers. This cross-layer interfereHéebecom'ng mcregsmgly Important. For .the forward link,
can be subdued by assigning a distinct spectrum to each lay ’RC-I|ke'cc.)mb|n|ng schemes are ngt suitable because such
but such methods make inefficient use of the already scartg1emes will Increase theforwa_rd-llr_lklnterference [.6]' Instead,
wireless spectrum. Several studies have been performed%%apply ase_lectlve trgnsmlt d|ve_r5|ty (STD) technique wh_ere
hierarchical CDMA settings [1]-[3], none of which suggestgaCh BS provides multiple transmit paths by means of spatially
any effective power control scheme nor provides the deta“gaparated antennas, and the system allgws each MS to connect
capacity analysis for such architectures, although [1] does si the most robust path among the multiple paths [7], [8]. Our

gest a moderate capacity gain when umbrella macrocell(s) Eward pow;\al::;ontrﬁl law is base((ji _on6the Qeightr)]orifng-cel(;
sparsely loaded compared to the embedded microcell(s). Tmlé:’t power ( ) scheme propose |n_[ ], where t. € forwar
3@smit power to each MS is determined according to link

paper proposes schemes that allow hierarchical layers to sHE giti bet the MS and dina BS A di
the same spectrum, yet achieve a high capacity/performaﬁ(‘))@F' lons | elween € I an surrlijun dmlg s (see Appendix
gain. We generalize our analysis in terms of individual cefi)- For a single macrocell-microcell mode
loads and do not assume any particular system Ioadmg pattgrns. Gimicro + (1/7)Grmacro
For the reverse link, we apply a scheme called hierarchical Peen = Gon (2)
maximal ratio combining (HMRC), where the signal from each «
where v is the ratio between the microcell and macrocell
Manuscript received August 15, 1999; revised April 15, 2000. This researE‘Htal' Torward transmit powgrs. While NPP .does not offer any
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Carlo simulation. We show that STD is a viable option for

hierarchical CDMA forward power control. ¢ 5
We note that, with macrodiversity, there is no longer a clear

distinction of cell boundaries among cells and layers. Therefore,

readers should be aware that MSs are referenced to their respec- Macrocell
tive locations. For example, a microcell MS means that the MS
is physically located in the designated microcell area, not nec- M |

essarily served by it.

The remainder of the paper is organized as follows. In Section
1, our system models are described and the corresponding ang-1. Single cell model.
lytical solutions are derived. Our simulation results, including
the performance comparison with non-HMRC and non-STRhereC,;cr0; aNdCrpacro s are the received signal power by
schemes, are presented in Section Ill. Finally, the paper is c@he microcell BS and macrocell BS, respectively. hebe the
cluded with some final remarks in Section IV. ratio of the microcell interference to macrocell interference

Ticro_i/Imacro_i- Then, the CIRbecomes

Il. SYSTEM MODEL AND ANALYSIS
Cmicro_i + )\z Cmacro_i

Our hierarchical model consists of a group of overlaying om- CIR; = A
nidirectional macrocells and a cluster of omnidirectional micro- (G Iéfi\‘?G P,
. . micro_t T macro_t
cells embedded within the macrocells. We assume that the MSs A
are uniformly distributed in both macrocells and microcells, yet c Tmmere-
the load condition of each cell might differ. Although we do not = e (6)

assume any particular load conditions, microcells are generally Lmicro.i
more densely populated by MSs than macrocells. We assuwigereG ,icro_; aNdG .00_; are the reverse-link gains associ-
our radio link is subjected to Rayleigh fading and log-normaited with microcell and macrocell. HMRC reverse power con-

shadowing. The composite distribution of the link gélns trol algorithm controls each MS transmit powEr so that all
- MSs experience uniform CIR level. The convergence of such
falg) = / Z /9 @ power control law has been proven in [12]. Let us assume that
0o V270 sadow S the microcell and macrocell both serve a large number of MSs,
(10 logyo 2 — pa)? such that the microcell and macrocell interference levels expe-
X eXp <_ 252 ) o0 rienced by each MS are nearly the same
shadow
pa == /310 10g10(d) (3) Imi(‘ro P~ Imi(‘roa Ima(‘ro P~ Ima(‘roa \V/ 7’ (7)
where _ Since the interference power is the difference between the total
d distance between the MS and BS; received power and the desired signal power, the differences in
p path loss exponent; the desired signal components have minimal effect on interfer-
shadow Shadow standard deviation; ence values when the system load is relatively large. This also
& = 10/In 10. suggests that the variation &3 is minimal. The above assump-

In [11], the composite Gamma-log-normal distribution is aRon js justified numerically in Section I11-A. Based on our as-
pro_X|mated by a 5|m_ple_ Iog_-nor_mal dlstr|bu_t|on. For Raylelggumption in (7), HMRC power control now results in all MSs
fading (n = 1), G-distribution is characterized by the Mearhaying the same uniform combined signal PoV&gyeree. Let

and variance of the approximate log-normal N and M be the numbers of MSs located in microcell and
macrocell, respectively, and exprdgSero_; andl, _; asfol-
E[Gg)] = — $10 log;o(d) — 2.506 75 lows: e o=
Var(Gam)] = 020dow + 31.0254. (4) N y
Imicro_i = Z Cmicro_j|micr0 + Z Cmicro_k|macr0
. jsti k=1
A. Reverse Link ~ Iy
We first consider a simple single macrocell and microcell a0 = Z Chacro_j|micro + Z Crnacro_k|macro
system to introduce our method of HMRC analysis. Then, we i k=1
extend our analysis to a multicell system. ¢ € Microcell
1) Single Cell Model:Consider a single microcell em- N M
bedded within a macrocell as shown in Flg 1. Using HMRC, Imicro_i = Z Cmicro_j|micr0 + Z Cmicro_k|macro
the reverse CIR of M3 is j=1 ki
N M
CIRz == CIRmicro_i + ClRmacro_i Imacro_i = Z Cmacro_j|micr0 + Z Cmacro_k|macro
Cmicro_i Cmacro_i =1 ki
- Imicro_i + Imacro_i (5) i € Macroce“ (8)
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whereC..cii1|ccu2 is the received signal power pelll given
the MS is located ircell2. Let us first consider the case for
the microcell MS. From (6), we can deduce tliaf ..o, =
(Creverse — Cmicro_i )/ As- Therefore, see (9) shown at the bottom
of the page. Solving the above equation fgk..._; gives us Macrocall 2

| Microcell Clustier
N M -1 Creverse
Imicro_i ~ ( + 2 ) . (10) ¥ h\-‘-\'\-\ @
racall

By using the similar approach, one can see that the macrocell
MS vyields the same result. Then, the reverse link CIR can be
approximated as follows:

Macrocell 1 Mac 3

C(reverse 2
CIR; = ~ . 11
Imicro_i N + M-1 ( )

Fig. 2. Multiple cell model.

We make some important observations about HMRC from (1hettom of the next pagé\cen is the ratio officror t0 Ieen. Let

First, the CIR performance is independent of the microcell lgy, andM, be the numbers of MSs in microceland macrocell
cation. Without HMRC, the overall performance suffers from, respectively. Then, for the microcell 1 MSs

increased level of interlayer cross interference in cases where
the microcell is closer to the macrocell BS. For HMRC, how- N

ever, the combining effect is ghrectly re_Iated to _th_e proximity of Lnerol i = Z Crnacrol_ hmicrol + -
the two BSs. Therefore, the increase in combining effect com-

pensates for the increase in interference due to the microcell. HéZNK
Another worthy observation is that the HMRC performance is + Z Clnncrol_t|microk
only limited by the overall system loadf + M and not by in- e h
dividual cell loads. An overloaded microcell does not affect the M,
system performance as long as the overall system load is kept + Z Crnacrol_p|macro1 + -+ -
under check, whereas it can dictate the system performance for =1
non-HMRC systems. This suggests that HMRC is an effective M;
way to share available resources between hierarchical layers. + Z Chacrol _r|macro3
2) Multiple Cell Model: We now extend our analysis to mul- =1
tiple-cell environments. Our multicell model consists of three (N1 +- -+ N+ M + M+ Mz —1)

macrocells and a cluster @& microcells embedded within the

C(reverse K Imicrol_i
macrocells, as shown in Fig. 2. Then, as shown in (12) at the X - (2+K) :

)\macrol_i )\macrol_i

Imi(‘ro 7
)\7‘, _ TO_

Imacro_i
_ Imicro_i
N M
5 Cmacro_j |micr0 + E Cmacro_k |macr0
) k=1
_ Imicro_i
N M
E (Creverse - Cmi(‘,ro_j|1nicr0)/)\j + E (Creverse - Cmicro_k|1nacr0)/)\k
) k=1
)\i-[111ivr0 7 .
R v , AR MYk
§ (Creverse - Omicro_j|micro) + § (Creverse - Cmicro_k|macro)
I k=1

)\i Im icro_

9
N + M — 1)Creverse - Imicro_i ( )

=1
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Therefore Let us now compute the conditional cumulative-distribution
functions (cdfs) ofZ = 10%(" /10 gndW = 10v(™9)/10,

N(N1+"'+NK+M1 +M2+M3_1)Creverse

Tnicro1_i 3+ K P []_()W(’: 6)/10 < ;5|7>7 9]
Fz(2lr, ) = =(r, 8)/10 }
CIR. ~ 3+ K (13) P [10%( < 1|r, ]
"N+ + N+ M+ My + Mz — 1. _ Pla(r, 6) < 10 log,o(2)|r, 6]
Plz(r, 6) < 0|r, 6]

Using MSs in other cells ands gives us the same result. % 10 logyo(2) — pa(r, 6) o —pr (7, 6)
We can make the same important observations we made in o O O
the single-cell case for multicell case also. Note also that by 0<z<1

assuming both microcells and macrocells are loaded with an PN 10 logy(w) — pey(r, 6) o —py (7, 6)
equal number of MSs, our result obtained in (13) is the samav (wlr, 0) = oy

result obtained in [5]. '_rhis teII; us thgt the macrocell qapacity is O<w<1 (15)
nearly unaffected by introducing microcell(s) when interlayer

HMRC is allowed. Where

B. Forward Link

We use a single-cell hierarchical model as in Fig. 1 for our
forward analysis. One should be able to easily extend the given

Ha (T’ 9) = M€ macro (T’ 9) ™ Héricro (T’ 9)
=-p310 IOglo[dmacrO(Tv 9)]

result to multicell environments. Our forward analysis consists + 810 logyg[dmicro (s 0)]
of two parts: non-STD and STD cases. For a non-STD case, Py (T, 0) = g, (7, 6) — pe,. . O, 6)
there is no transmit diversity; each BS has only one antenna and 02 =02 = 20 40w + 31.0254). (16)

provides single forward transmit path. Each MS connects to the

BS, WhICh'ijOVIdeS the most robust path. The fo.rmulgtlon c]'fhen, the cdfs ofZ and W are

our analysis is partly based on the framework outlined in [13].
1) Non-STD: Given the location of an M@ and#, the for-

. . . 2 50 Rmicro 281
ward transmit power according to NNP is Fy(2) :/0 7 /0 T Fy(z|r, 6)
(/)G e if MS € Microcell
. o _ Y macro_i micro_z 27 50 Rmacro 2rér
Pass ) = I R Prn= 5 ) g etk
Q . 0 T Jo macro
= <C‘;Lr°—z + 1) Pr if MS € Macrocell a7
YT micro_s
— <l 10GEmacro (1, ) =&micro (1, 6))/10 1) pr  Since bothZ andW are non-negative random variables, their
v expected values are given as follows:
— <l 10$(1*7 0)/10 + 1) PT,
y

E[Z] = /000[1 — Fz(2)]62

1
Gmacro_j = /0 [1 - FZ(Z)]&Z

1 1

— Emicro (1 8)—E&macro (1, 6)) /10

= <; + 10(Emiere (120 Emacre (12 6))/ ) Pr E[W] = / [ — Fyy (w)]6w. (18)
0

1 u(r,8)/10

= — 4+ 10¥\ PT . .
¥ Let NV and M be the numbers of MSs in microcell and macro-
if Giicro_j < Gmacro_j- (14) cell, respectively. Assuming there aM microcell MS con-

if Gmicro_i > Gmacro_i

1 Gmacro_" Gmicro_"
-Pmacro_j(Tv 9) = ( /7) ? * ? PT

C|R7 = CIRmicrol_i +---+ ClRmicroK_i + CIRmacrol_i +---4+ ClRma(‘,ro3_i
_ Cmicrol_i +--+ )\microK_iCmicroK_i + )\macrol_icmacrol_i + -+ )\macro3_icmacro3_i

Imicrol_i

— Creverse_i (12)

Imicrol_i
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nected to microcell and/’ macrocell MSs connected to macro- AN i e

cell, the expected value of the total forward transmit power b Faea¥
each BS is L Macrocoll Trangmit Paihs
E[-Pmicr0|N/7 M/] i . 1.:--
E[Z|Microcell i
= N/PT <M + 1) 5 I I
Y 4 T
E[Z|Macrocel
+ (M — M')Pr <—[ | ] + 1) i
Y
E[-Pmacro|N/7 M/] L Miereesll Trammi Pasea
=(N - N’)PT <1 + E[W|Micr0ce||]> Fig. 3. Selective transmit diversity.
v
T M'Py <1 + E[W|Macrocel]> _ (19) 2) STD: In STD, each BS has a number of spatially sep-
vy arated antennas and the orthogonal pilot signal is transmitted

from each antenna, as shown in Fig. 3. In order for the fading
We know thatN’ and A/’ are binomial random variables with conditions associated with different antennas to be sufficiently
uncorrelated from one another (less than 0.7 correlation), the
antenna separation needs to be on the order of ten wavelengths
apart [14]. By way of monitoring the pilot signals, an MS can
N N\ & N-N’ select (mobile-assisted) the antenna that provides the most ro-
Z <N’> Pr (1 - Pr ) bust forward transmit path and have it transmit the signal until a
better antenna is found. Therefore, only one antenna is selected
< ) M' MM to transmit at a time with STD, but the selected antenna pro-
X Z (1 — Pr ) . . . .
macro macro vides the best signal path among multiple antennas. The main
y E[ N, M) d.ifference_between STD and n(_)n—STD schemes isthat STD pro-
~ micro ’ o vides multiple potential transmit paths per BS with uncorrelated
E[P = Z < N ) 1];1‘ (1 _ Py )1\‘—1\‘ fading, while non-STD provides one path per BS. Hovv_ever, t_)oth
macre N’ STD and non-STD allows only one antenna to transmit at a time.
Diversity gain through antenna separation is viable at BS sites

probabilitiesPr,,icro aNdPr 1,000, FESpectively. Then

E[Rnicro] =

micro micro.

micro micro.

N Z < ) o (1 Py )M_’W where the space and system complexity are less of limiting fac-
vt macro macro tors. We assume the antennas are separated sufficiently far apart
x E[P, IN', M'] (20) that all potential transmit paths from the same BS have uncor-
macro

related fading but correlated shadowing.
Let us now assume that both microcell and macrocell BSs
where haveL antennas each, which means that the MS selects the best
antenna out of potenti@l. antennas. LePC(Ql be the total for-

Pr = P[Guieros > Gunneros|i € Microcell ward transmit power by th&h transmit branch oéell. Since

micro the MSs are uniformly distributed, each transmit branch within
7 50 27 &r acell has an equal probability of being selected by the MSs, and,
=1- / / @ therefore, we can assume that
HllCrO (7) ~ (]) STD
% /vLmacro(T, 9) — HMmicro (7)7 9) ‘PE?)ICTO ‘szuszro - Rl;;l;; ) .
\/2 'i2hadow —+ 31. 0254) Ina(‘ro ~ ‘Pni]a(‘ro ~ ‘Pma(‘ro’ ¢ 7£ J- (23)
Pr = P[Guacroj > Gmicro_;|j € Macrocel] Then, the forward transmit power for Mds shown in (24) at
macro , the bottom of the next page, wheyerp = PSTP /PSTD "and
_ / 8 / e 2rbr o G, is the forward gain associated witth transmit branch of
0 Riacro cell. Let Goepr s = max[Gf,F;l o G 5,(}1 _,;I; then, the cdf of
N . )
" <M¢ ;r(O(;’ - N3102(74)9)> . () Gty if Gect 18
o + 31.025 {
shadow P [ fze)llk_z/ szje)llk_i < 37}

G(l)

celly, 1

g R

celly, 1

We lety = E[Pricro|/ E[Pmacro] @nd run iterations unti con-

verges. Then, the forward CIR is 2z O<z<1l (25
Tr41
Pr Pr whereP[Gf;)”k i/ Geett, i < x] =x/(x+1). The above result

Cl Rnon—STD = ~ . (22)

Pricro  E[Praicro) is accurate fol. = 2 and adequate fat = 3 since the greatest
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diversity gain occurs betweeh = 1 andL = 2 [11]. For where

two different cell locations, we can assuﬂige”k L andGeey; 0 — - -
are independent. Because the transmit paths from the same BS piej (7, 0) = tgeon, (5 0) = 1, (7 0)
experience independent Rayleigh fading and correlated shad- = — (10 logyp[deen, (7, 0)] — 2.506 75
owing, the conditional pdf and pdf @¥..;;_; are + HG e, (r, 6)
2 2 2
fen(gl) = L e9/9(1 — gm9/2)L-1 Thj = cellk tog
) Q @ = shadow + 31.0254 + OG (30)
JGeauil9) = /0 JGeens (9|Q)1 2T 0 hiaddone We can derive the expected values BfLP . and PSTD .

using the same approach used in the previous section and get

[ nsuTc]rjo_z] - <
Itis shown in [11] thatfs__,, .(g) can be approximated by a
purely log-normal distribution fo. = 2 with mean and vari- E[PSID 1= < E[Y] + LE[W] + 1 ) Pr (31
STD

) RS
X exp <—(10 102g10 - pa) )59. (26)
U

shadow

WSTD EZ]+(L-1DEX]+ 1) Pr

macro_t

ance given by YSTD
pe =afln 2 — C] + pg = 0.503552 — 3 log,o(d) Wwhere
O—é = CYQ [C(27 1) - 2(111 2)2] + O—ghadow =12.9016 + O—ghadow Z= G1(1l1)acro z/GmiCTO—i
(27) X = G1(1ll)1cr0_z/GmiCr0—i
i
where C ~ 0.5772 is Eulers constant and ¢(2,1) = Y =GO i/ Guaneroi
>rco 1/(1 + k)? is Reimann’s zeta function. Appendix B W =GYU_/G\across 0<Z X,Y,W <1 (32

derives a similar approximation fdr = 3, and we obtain the

following mean and variance: Since each transmit branch has equal chance of being selected,

the expected value of the total forward transmit power by each
pe=co3In2—-In3—C+ po =1.75294 — /3 log,o(d)  BS branch, giverV’ and /', is

2 2
o0& =a?[¢(2,1) —12(In 2)2 +6 In 2 In 3]+ 03, 00w N .
E[PSTD IN' M| = T PrE[PTD |Microcell]

=8.4592 + O—SQhadow' (28) micro micro_z
M- M
Then, the conditional cdf and cdf aﬁglk ./ Geen,_; are t—7 PrE[PSLY. ;|Macrocell
N-—-N .
PG, /Gy i < alr, 6] E[PYIR.IN', M) = PrE[PZR, ;Microcell
Pla®w G 0 M’ STD
cet, _i/ Geenj_i < x|, + Pr rE[PSID IMacrocel]. (33)
oW . .

P [ el i/ Goenty i < 1|r, } E[PEID 1 and E[PSID ] can now be computed as in (20) with
— |:10 IOglo(.’I}) - /vaj(Ta 9):| /(I) |:—ukj(7’, 9):| the fOHOWInglelcro andPrmacro:

0 7 ki Pl =F [max |:G1(m)cro_z7 Gx(lero z:| > max

P |:G‘,911 I/Gcelli_i < .T:| micro
;r (59 n 9 (5 |:Gx(iicro_z7 o Gx(fa?cro z:| |L € MinOCG”:|
e A 7

= / / G((;le)uk i/ Geenyi < 7, 9} = P[Gumicro_i > Gmacro_i|t € Microcell]

O<xzxl “911 (29) mlscrro = P[Gmacro_i > Gmicro_i|i S Macrocel] (34)

® (L) ) ) LoD
PSTD (7’ 9) _ (1/75TD) (Gmacro_z Gmacro ) Gmlcro_z + + Gmlcro_z Py
i max |:G1(111)cr0_z7 ) GI(fino_i:|
If max |:G1(1];1)vr0 27 G1(1ﬁ2‘r0 7:| > max |:G1(nz,cr0_z7 T Gl(lfa?cro_i:|
® (L) ) ) LoD
R]slzgo_i(n 9) _ (1/’VSTD) (Gmacro_z Gmacro_z funcro_z + + GHllCrO_Z PT
max |:G1(nicro 27 Gx(na?cro z:|

micro_z’? micro_t

if max [G(1~) G, e } < max [aniao_w ) G1(1fa?cr0_i:| . (24)
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TABLE | -13.0
SINGLE CELL MODEL REVERSEPERFORMANCERESULTS i
...... Py ® ‘ ® ® '. o
N (M CIRanalytical CIRsimulation H::lx:—CSD d=692mR._. =100m
-15.0 ®— @ nira-SD, o = 1385 m, R, = 100m |
1010 | -9.60dB -9.78 dB 3—£]Intra-SD, d, = 692 m, R, = 200 m
15|10 | -10.66 dB | -10.79 dB g O—0lre-50, 4. = 1985 M, P, 22000
20 (15| -12.21dB | -12.30dB 1
O _70 i & SN
20 (20| -12.82dB | -12.90dB 8 . =
2 N
[y
-19.0
i
D//B\CJ/—H——Q’—‘B’/B/B ...........
—~ -21.0 5
g 0 s 40.0 50.0 60.0 70.0
> -18. Microcell Load (%)
- - - - Analytical Result
© ®—@HMRC, d, =346 m&d, = 1385m
@ E—Winter-SD, d =346 m Fig. 5. Intra-SD CIR performance versus microcell load.
4 —@Inter-SD, d_ = 1385 m
B——+lIntra-SD, d, = 346 m
o« 230 &—OIntra-8D, d_= 1385 m . )
L schemes. It is observed that both macrocell and microcell
3\53\& L capacities are nearly unaffected by each other’s presence (i.e.,
4 e both macrocells and microcells retain a near-isolated cell
! capacity). The performances of both SD schemes are dependent
-28.0 of the microcell cluster locatior,.. For intra-SD, the cross
20.0 22.0 24.0 26.0 interf bet the | : th ) I
Number of MSs per Cell (N, M) interference between the layers increases as the microce
cluster gets closer to a macrocell BS and causes overall system
Fig. 4. Reverse-link CIR performance comparison. performance degradation. For inter-SD, the diversity gain
decreases a& increases, which also causes the performance to
. N UMERICAL RESULTS suffer. However, employing HMRC eliminates the effect of the

cluster location on the CIR performance. From (12), one can

A path loss exponent of 4 and a shadow standard deviationsgle that the reverse CIR performance of HMRC is proportional
8 dB are used in the simulation. The radii of the macrocell aRg the \; and macrocell gains. These two factors balance the
microcell regions are set to 1500 and 200 m, respectively. performance as the microcell cluster location changes. When
d. is small, the cross interference causes Xhdo decrease,
but the loss is compensated by the increase in macrocell gains.

Table | shows the average CIR performance comparison lgenversely, wheni, is large, the macrocell gains decrease
tween our analytical and simulation results obtained using thdile the \; increase.
single-cell model. Our analytical results closely match the simu-Our analytical results indicate that the HMRC performance
lation results. Small deviations between the two results are masa function of the overall system load and does not depend on
likely caused by our equal interference assumption in (7) whigther the load distribution between the layers or the cell sizes.
deriving the analytical solution. The fact is that MSs locatelligs. 5 and 6 show the effect of microcell load and size on the
close to a BS experience less interference, while MSs furthewerse-link CIR performance. The same three-multicell model
away from the BS face higher interference. However, the dif used in this simulation also. The overall system load is kept
ference is very marginal, it becomes even smaller as the systatri56 MSs, while the microcell load percentage to the overall
load increases, and our assumption becomes a better reprelsad is varied. It is observed that in nearly all instances both
tation of the system with higher loads. non-HMRC schemes suffer performance losses with an increase

Fig. 4 shows the multicell reverse-link CIR performance the microcell load percentage and microcell radiy§c,o. It
comparison between HMRC and non-HMRC diversity powearan be understood that the increase in the overall interference
control schemes at various microcell cluster locatioh3.(A due to an increased microcell load cannot be relieved entirely by
three-macrocell and three-microcell model is used to obtain taelecreased macrocell load. Larger microcell sizes also increase
simulation results. Both macrocells and microcells are loadederference, since MSs belong to microcells need to transmit
with the same number of MSs. Two non-HMRC diversityt higher power levels. The performance of HMRC is not af-
schemes are compared: intralayer selection diversity (intra-SBgted by the microcell load and size changes, as predicted. The
and interlayer selection diversity (inter-SD). With intra-SDncrease in microcell interference also increasesihevhich
the most robust link within each layer is selected, whileffsets the negative effect of the microcell interference. There-
inter-SD allows each MS to connect the best BS at any layésre, HMRC allows flexible resource sharing between hierar-
Clearly, HMRC performance is superior to that of non-HMRhical layers.

A. Reverse Link
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TABLE I
SINGLE CELL MODEL FORWARD PERFORMANCE RESULTS

N|M Non-STD STD, L=2 STD, L=3
CIRanaiytical | CIRsimutation | CIRanalytical | CIRsimulation | CIRanatytical | CIRsimulation
10 | 10| -11.54dB -11.21 dB -9.99 dB -9.65 dB -9.31 dB -8.86 dB
15|10 ; -12.80dB -12.56 dB -11.25 dB -11.02 dB -10.57 dB -10.20 dB
20|15} -14.19dB -14.02 dB -12.64 dB -12.46 dB -11.96 dB -11.67 dB
20|20 | -14.56 dB -14.40 dB -13.01 dB -12.84 dB -12.34 dB -12.04 dB
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Fig. 6. Inter-SD CIR performance versus microcell load. Fig. 7. Forward performance versus microcell location.

Our observations suggest that implementing HMRC givé@e system Ioaq is fixed at 24 MSs per cell. Agaln, we ob.se.rve
system planners and administrators almost unlimited freeddift Our analytical model does an excellent job of predicting
and flexibility when contemplating microcell placements. Witfie Simulation results. We notice that the differences between
HMRC, microcell(s) can be placed anywhere within the existijg'e analytical and simulation results in th_e figure are Iarger_ for
macrocell layer, significant performance and capacity gains chri= ° thanL = 2 due to our assumption in (25). But, the dif-
be obtained while guaranteeing robust resource sharing betwfignces are still small considering they are within 0.3 dB.

the layers. Fig. 8 shows the average forward performance results ob-
tained from our multicell model, which consists of three macro-
. cells and a cluster of three microcells. The benefit of STD is also
B. Forward Link

evident from these results where the system benefits from the

Our forward analytical results are computed usMgthe- added diversity effect due to multiple cell locations. Although
matica and less than 15 iteration loops are needed to get tie performance varies slightly, both non-STD and STD effec-
convergence in thes. Table Il compares the analytical and simtively neutralize the effect of the microcell cluster location on
ulation results of the single-cell model. These results are diorward performance. One interesting observation is that for-
tained withd. = 692 m. Both results are in good agreementvard performance improves slightly ds decreases. Although
with each other, while the analytical results exhibit lower valudle forward cross interference between the layers increases with
than the simulation results. This is due to our analytical intesmallerd,., the system takes advantage of increased interlayer
ference assumption in (A.1), which results in a pessimistic idiversity effect, which ultimately results in improved perfor-
terference level. However, the differences become marginalraance.
the number of MSs increases. Table Il also shows the results obFig. 9 shows the effect of the microcell cluster size on the for-
tained with STD. Again, we observe that our analytical resultgard performance. The plot shows the performance comparison
closely follow the simulation results. One can immediately sdmtween single-cell cluster and three-cell cluster. We have ob-
the benefit of employing STD on forward performance. Witkerved in the previous section that HMRC allows microcell(s) to
two-branch transmit diversity, the forward CIR performance inbe added without impacting the existing reverse-link capacity.
proves by 1.5 dB and 2.5 dB with three-branch transmit divewith STD, however, the forward performance does depend on
sity. Fig. 7 compares the analytical and simulation forward pehe microcell cluster size and that an increase in the number of
formance results as a function of the microcell locatiprwhile  microcells in the cluster causes the performance to suffer. The
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-12.0

o=z aaem IV. CONCLUSION
—iL=2,d,=1385m
— O Orzda-som We have implemented HMRC and STD in CDMA hier-
-130 k\e t—aNonst d,=346m |7 archical systems in order to study their effectiveness and
3\E 9\6 B—MNon STD, d_=1385m . . . . .
— 9\@\6 feasibility. We have derived simple analytical solutions for
) T \\E —& | reverse-link HMRC and forward-link STD CIR performance,
T ~140 —_— — 3\2 and these solutions are verified by an extensive simulation
© \‘\ I S 1 study. Our results indicate that a hierarchical system approach
g 150 is indeed a viable solution for increasing CDMA reverse
S ' link capacity—performance when macrodiversity schemes are
implemented. It is shown that a higher system capacity can
_16.0 be achieved without assigning disjoint spectrum between
hierarchical layers by utilizing HMRC and STD.
; : There is a number of significant implementation issues that
-17.0 5 : need to be addressed in order to realize HMRC and STD. Both
20.0 220 24.0 26.0

HMRC and HNNP are essentially centralized power control
schemes which require central control stations to perform
all the important control functions for the entire system.
For HMRC, combining signals from several BSs requires
fast and reliable links among BSs and adds a considerable
overhead to the system, since every MS is in soft handoff
mode with surrounding BSs all the time. STD needs each
BS to transmitL separate pilot signals and a mechanism to
select a particular path out of all the available ones [8]. No
formal standard using HMRC has been proposed yet, but a
possible implementation can take a form of distributed antenna
systems [15] with optical fiber links among the antennas [16].

Number of MSs per Cell (N, M)

Fig. 8. Forward performance in multicell model.

N s : Transmit diversity schemes, such as orthogonal transmission
o : diversity (OTD), time switched transmission diversity (TSTD),
% -------------- : O i and STD, have already been proposed in major IMT-2000
g : standards, and it has been verified in [8] and [17] that STD
o -{@—@Single Microcell, L= 2, d, = 346 i ;
£ s::glz M:gxzml_zz dczwssmm \EQ\E] provides better perforr_nanc_e thar_w OTD and TSTD. Our main
G>—O Three Microcells, L = 2, d, = 346 m purpose for the study is to investigate the means of achieving
-15.5 |- |3—EThree Mi lls, L=2,d,=1385 i i i i i
. Si;;’fja Nl'i‘:r%‘felfL=& oe 346 i high capacity/performance hierarchical CDMA systems which
_|&—ASingle Microcell’L=3,d,=1385m | share the same spectrum between layers, and we have shown
XA Thres Mcrocslle, L = .= 1985 m that such systems are indeed possible.
-16.5 5 f : :
20.0 22,0 240 26.0

Number of MSs per Cell (N, M) APPENDIX A

HIERARCHICAL NNP
Fig. 9. Forward performance versus microcell cluster size. .
Let us assume that there demicrocells surrounded by three

] . . macrocells as in Fig. 2. Lelyacro; and Puicror be the total
added diversity effect is apparently not enough to fully comsowers transmitted by macrocgtand microcelk, respectively.

pensate for increase in interference resulting from the microcgfen, the interference experienced by #Sin be estimated as
increase. Yet, the performance degradation is negligible consid-

ering the capacity gain obtained by adding microcell(s). For ex-

ample, assuming the target CIR is setid4 dB, a three-macro-

cell system with a single-cell cluster has capacity of 26 MSs per + Gimacros_ilimacros + Grmicrol i Lmicrot + -

cell atd, = 1385 m with L = 3. With the same exact set- + Guicror _i Pmicroc. (A1)

ting, the same system with three-cell cluster achieves 24 MSs

per cell, yet its overall system capacity is far greater due to thet v..;; be the ratio betwee,,;c;o1 and P..y. Only one BS

added microcells. can transmit to MS at a given instant and the transmit power
In Figs. 4 and 8, we observe that a forward link performande determined by (A.2), shown at the top of the next page when

comparable to the reverse HMRC performance can be achieWéfl i is connected to BSell and Pr is the predetermined for-

by implementing STD witl. = 3. Not only does STD improve ward transmit power constant. The resulting forward CIR is then

the forward performance, but it can also benefit the reverse liskown in (A.3) at the top of the next page. Notice that with NNP,

performance by providing additional BS antenna elements fevery MS experiences the same forward CIR level, regardless of

stronger combining. its location.

Ii ~ Gmacrol_iPmacrol +
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1 1 1
5 Gmacrol_i +--+ ~y G111acr03_i + Gmicrol_i + -+ ’Y— GmicroK-i
macrol macro3 microK
Peeusi = Pr (A.2)

Geetri

C
CIR; =7

%

1 1 1
< Gmacrol_i +o G111acr03_i + Gmicrol_i +or GmicroKJ) PT

“Ymacrol “Ymacro3 YmicroK

~

1 1 1
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APPENDIX B According to [18, (4.358.2)]
DERIVATION OF (28)
For L = 3, the mean of log-normal approximation is / 3(In g)%(e /P 2720/ 4B/ 5g
0
=Q[-6C In 246 1n 2 1In Q—3(ln 2)*+C?—2C In Q
E10 logy, gl 5 2
.. S +(n )*+2C In 3—-21n 3 1In Q@ +(In 3)°4+¢(2, 1)]
/ / 1010 g ~#/(1 ) E[(10 logy 9’
y exp <_ (10 logyo 2 — Mz)?) 5460 =a’[-6C In 22—3(1n 2)2+C?+2C In 3
V 27r0—shadowQ 2ashadow +(1Il 3) +C(2’ 1)]
& /Oo Y <— (10 log;p & — NQ)2> +6 In 2410 —2Cpg =2 In 3pa+0dudow e (B.7)
Q2 0 27rasllad0VVQ 2O—shadow

el Therefore, the variance of the log-normal approximation is
X / 31n g(e™/% — 2e7%/2 4 ¥/ N)506Q. (B.4) g PP
0

= E[(10 logyo 9)°] — 1i&;

According to [18, (4.352.1)] =a?[¢(2,1) —12(In 2)2 + 6 1n 2 In 3] 4 03,40 (B-8)
/ 31n g(e™?/5t — 2e722/52 4 =3/ )5y
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