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Abstruct- In cellular mobile communications, to 
optimize spectrum efficiency of a cell net, carrier- 
to-interference-ratio (C/I) balancing by the cen- 
tralized power control (CPC) would be the opti- 
mum power control technique. CPC might be dif- 
ficult to implement due to its heavy required sig- 
naling load. However, the study of CPC gives en- 
lightening insight into the mechanism relevant to 
power control in mobile radio systems. CPC re- 
quires a large dynamic range of the transmission 
powers at the base stations (BSs), say of the order 
of 100 dB and sometimes more. This is practically 
not feasible, and hence there is a requirement for 
adequate power control techniques which work sat- 
isfactorily under the limited power constraint. The 
dynamic range of power typical for state-of-the-art 
transmitter amplifiers is very limited, for e.g., to 
a maximum of 20 dB as quoted by manufacturers 
and operators. In this paper, novel procedures for 
adjusting the transmitter powers under the con- 
sideration of limited dynamic range are envisaged 
to provide maximum possible C / I  ratio at the re- 
ceivers. Obviously, the C/I performance would de- 
grade by a certain m o u n t  due to the limitation 
of the transmit power. The target system envis- 
aged is the Time Divided - Code Division Multiple 
Access (TD-CDMA) system utilizing Joint Detec- 
tion (JD). Monte Carlo simulations have been per- 
formed to evaluate the performance. 

Keywords- C/I Balancing, Power Control, JD- 
CDMA. 

I. INTRODUCTION 

The requirement of large spectrum efficiency has 
led to the development of efficient multiple access 
techniques like TD-CDMA utilizing Joint Detection 
(JD) [l]. ;ID has a distinct advantage of eliminating 
the intra-cell cochannel interference thus improving 
the spectrum efficiency. However, the spectrum effi- 
ciency is governed by C/I ratio at the mobile stations 
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(MSs). To maintain the optimum C/I ratio, many 
power control procedures based on Aein [2] have been 
developed. The centralized power control (CPC) tech- 
nique 131, [4] is a viable choice. But: CPC might be 
diflicult to implement due to its heavy required sig- 
naling load. However, the study of CPC gives enlight- 
ening insight into the mechanism relevant to power 
control in mobile radio systems. To implement CPC, 
we need a large dynamic range of power at the B- 
S, say of the order of 100 dB and sometimes more, 
which is not available with the current state-of-the- 
art amplifiers at higher power levels. This aspect has 
been completely ignored in the literature. In this pa- 
per, concepts and algorithms which would givea new 
distribution of powers for the MSs, within the avail- 
able dynamic range providing least degradation from 
the optimum C/I, have been proposed. The avail- 
able dynamic range of the power (maximum to mini- 
mum ratio of the power) at the BSs, considering the 
state-of-the-art technology: & a maximum of 20 dB, 
as per the manufacturers and operators. In C/I bal- 
ancing, it should be borne in mind, that the smaller 
the variance of the C/I, the better is the system. In 
this paper, chiefly, two algorithms are proposed, viz.: 
the hard decision (HD) and the soft decision (SD) to 
obtain the C/I ratio under the limited power dynam- 
ics. A comparison of the two is also brought out to 
choose the best algorithm. In order to obtain the C/I 
performance closer to the C/I performance under the 
unlimited power dynamics, research leading to the en- 
hancement of the dynamic range of the power in the 
amplifiers is necessary. Hereafter, we would call the 
assumption of the unlimited power dynamics as the 
ideal condition. In this regard, it is necessary to ob- 
tain a fair idea of how much dynamic range would be 
sufficient to get approximately the same C/I perfor- 
mance as obtained under the ideal condition. Owing 
to this, we have also investigated the effect of different 
dynamic power ranges like 30 dB, 40 dB and so on. 
Monte Carlo simulations are carried out to simulate 
the concept. The system performance is illustrated by 
plotting the cumulative distribution function (CDF) 
of the C/I ratio in a cell net with the different random 
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configurations of the MSs. 

11. CELLULAR SYSTEM 

The cellular system simulated in this paper consists 
of regular hexagonal cells with no overlap. The BSs 
are placed in the center of each cell. The MSs are 
uniformly distributed with an average of K MSs per 
cell. The BSs and the MSs employ omnidirectional 
antennas. BSs and MSs in the cell net are represent- 
ed by the sets 118 = {@1,/32,. . . ,&, . . . ,@I I~ I }  and M 
= { p l , p 2 , .  . . , p,, . . . , pllql}, respectively. Each MS 

E M is served by exactly one BS pz(*) E B, where 
the function z ( f i )  establishes the relation between the 
MS pfi and the BS @b to which this MS is assigned. 
The line of sight (LOS) link with a single direction of 
arrival (DOA) of the signal is considered at the BS, 
which is reasonable assumption for a macro-cellular 
system. Primarily, in a macrocellular system, the sig- 
nals arrive at the BS through a smaller angular range 
around the LOS even if the LOS is shadowed [5]. The 
DOA valid for a certain u p l i  is also assumed to be 
valid for the corresponding downlink. The radio chan- 
nel model considered for the system level simulation is 
based on the large-scale path loss component and the 
slowly varying component having a log-normal distri- 
bution. For each link between a BS and a MS, a cer- 
tain propagation loss is assumed based on the above 
components. The large-scale path loss component is 
characterized by the distance pZ(,),k between the BS 
Pz(,) and the MS pm, and the attenuation coefficien- 
t a. The slowly varying component is represented 
by a log-normal random variable <z(m),fi. The log- 
normal random variable, Jz(,),fi, is derived form the 
Gaussian random variable x with zero mean and a s- 
tandard deviation Q by a transformation given in [6]. 
The reciprocal of the propagation loss as the propa- 
gation power gain between the corresponding BS and 
the MS. The propagation gain between a certain BS 
flz(,) which serves MS p m  and a certain MS pfi is 

(1) 
1 

Sz(m),fi = h),* . p:(,),, 

The propagation gains gz(*),m and gZ(&),, to a MS 
p m  are equal if the BSs Pz(m) and pz(k) are identical. 

111. C/I  BALANCING 

I,,a is the interference power received by the MS 
pm from the BSs Pz(,) meant to serve the MSs p,, 
pm E M \ ps .  1s c M is the set of all the MSs 
p m  E M causing interference to MS pfi. The set of 

interferers IIg depends on the type of the detection 
scheme used in the system. Here, we have used TD- 
CDMA using JD. The interfering signals are assumed 
to be statistically independent so that the interfering 
powers can be added to yield the total interfering pow- 
er IT+. The carrier power for pfi is denoted by C5. 
With the transmission power Tm, of a mobile p m  E && 
the carrier-to-interferenceratio 7% for a link between 
the MS p+ and the BS pz(fi) in the system is given 
bY 

(2) 
c* Tfi - Q Z ( ? i i ) , f i  

im I P m q S }  

,=G= (Tm - 9z(m),fi) 

7% depends on the transmission powers of all the mo- 
biles corresponding to the propagation loss between 
the MS pfi and the serving BS of each mobile. Hence 
7, of different MSs p, are dependent on each oth- 
er and cannot be adjusted independently. Thus, our 
god should be to adjust the transmission powers €or 
all the mobiles in such a way that, depending on all the 
propagation losses: the values TmVpm E NI become e- 
qual and attain the maximum possible value r. This 
approach is termed C/I balancing. It is shown in [3] 
that the C/I balancing can be performed for a limited 
number of cells by solving an eigenvalue problem. In 
the case of C/I balancing equation (2) can be written 
as 

The set of these equations for all IIMI( MSs gives a 
matrix vector equation. Denoting W as the matrix 
containing the propagation gains of the interferers, 
gz(,),fi, pm E 16, 11% E {WI}, V as the matrix con- 
taining the propagation gains of the carriers, g+),% 
and t as a vector of all the transmission powers Tm2 
t;he matrix vector equation can be written as 

This eigenvalue problem contains the positive definite 
matrices W and V. The solution of this equation is 
the balanced .C/I, I?, for which their exists all non- 
negative IIMl( transmission powers T,, pm E M The 
proof of this could be found h [3], [7]. 

IV. LIMITED POWER DYNAMICS 
The eigenvalue problem so obtained on the basis of the 
above discussions gives the transmission powers T, 
for p, E M which may take values in the range from 
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zero to infinity. Clearly, such an infinitely extend- 
ed power distribution is not feasible with real world 
transmitter amplifiers. The width of the dynamic 
power band available through state-of-the-art ampli- 
fiers amounts to a m a x i ”  of 20 dB, as per the mm- 
ufacturers and the operators. This leads to finding a 
new set of transmission powers, Tm E (T-z,Tmin), 
for each mobile p m  under the same transmitting con- 
ditions, which would give the best possible C/I at 
the /im- In the logarithmic scale the limit primarily 
considered in the paper is given by 

= 2OdB 15) 
Tmin 

where T,, and Tmin are the maximum and mini- 
mum transmitted powers, i.e., max(t) and min(t), re- 
spectively. The improvement of the C/I performance 
under the increased transmission power limit is also 
investigated which gives information to the hardware 
designers as to what dynamic range of power at the 
BSs would be required to obtain near to ideal perfor- 
mance. 

Balancing C/I under a limited power range of 20 
dB leads to solving the eigen value problem (4) with 
a constraint on the upper and the lower power level 
which is computationally cumbersome. Hence, a sim- 
ple procedure was developed to obtain a new set of 
transmission powers for the MSs from the old set of 
transmission powers obtained with an assumption of 
infinite power availability and then the corresponding 
C/I of the cell net could be maximized. But, this 
poses a threat to the concept of C/I balancing, b e  
cause after forcing the limited power distribution, we 
obtain different C/I at all the MSs in the cell net for 
one particular snapshot. This problem is circumvent- 
ed by choosing the minimum C/I of the snapshot to 
be the balanced C/I in the cell net. Thus, it ensures 
that the system performance could be quite better 
than what is depicted in the results. In the first de- 
velopment towards this, a method of Hard Decision 
was developed which is explained below. 

A .  Hard Decision 

The Hard Decision is, basically, restricting the 
transmission of powers for the MSs according to the 
availability at the BS, i.e., it is a technique which 
forces the BS to transmit less or more power, Tm, for a 
particular mobile, pm E M, depending on whether the 
power desired by the mobile, Tm, under ideal condi- 
tion is larger or smaller than Tm,, or Tmin; respective 
ly. It amounts to overlaying a 20 dB power band over 

the transmission power distribution obtained under 
the ideal condition and finding out the power band of 
width 20 dB which would give the maximum possible 
C/I as compared to power bands of the same width. 
The algorithm followed to achieve this is as follows : 
For the transmission power Tm > Tma 

For the transmission power Tm < Tmin 

Tm = Tmin 

For the transmission power Tmin < Tm < Tmx 

Tm = T, 
This gives a new set of powers, t = {Tm}, to be served 
to the mobiles, pm E derived by imposing the 
power limit constraint. Now the power distribution 
is such that the mobiles having T’ > T,, get lesser 
power than Tm, thus reducing the interference, the 
mobiles having T, < Tmin get more power than the 
desired T,, thus, increasing the interference and the 
mobiles having powers Tmin < Tm < Tmax  get the 
same power Tm as desired under the unlimited power 
dynamics. Now, our aim is to calculate the C/I for 
each MS pm with the new power distribution, Tm. 
The new set of C/I, +*, for all the MS pm E M is 
calculated by replacing the new powers in (2) 

Solving the above equation for each MS gives different 
C/I unlike the unlimited power dynamics. To obtain 
the new CDF of the C/I in this case, we choose the 
minimum of +& of all the MSs, p m  E fV& which is 
the worst C/I to be achieved in order to serve all the 
MSs. Thus, balancing the cell net at this C/I would 
provide better system performance than depicted in 
the results. 

Now to obtain the best possible C/I for 20 dB pow- 
er band a search algorithm is invented. First, a pow- 
er band of 20 dB is selected by selecting the lower 
bound of the power band, q, equal to the minimum 
power required by a mobile in the case of unlimited 
power dynamics and the upper bound, Tu equal to 
TI + 20 dB. By employing this algorithm, new C/I, +* is calculated as per (6) for .all the mobiles p m  E MI. 
The minimum of +~ is considered to be the C/I which 
should be implemented in order to serve all the mo- 
biles in the cell net in that particular instant. Then, a 
new power band is selected by taking the lower bound 
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of power band, Tl, equal to the next minimum power 
required by a mobile in an unlimited power dynam- 
ics and the upper bound, Tu, equal to + 20 d B .  
The minimum of +fi is calculated again. This search 
process is repeated IIMI( times, equal to the number 
of MSs. Out of llMll power bands, the best power 
band is the one which attempts the maximum of the 
minimum +% calculated. We can observe here that 
the number of search attempts is directly proportion- 
al to the number of MSs. Thus, to reduce the number 
of search, it requires a knowledge of some parameter 
that can approximately predict the mean of the best 
power band. We have also observed in our simula- 
tions that the mean of the best power band lies close 
to the mean of the powers obtained under the ideal 
condition. This is discussed in detail with the result- 
s in the subsequent section containing the simulation 
resul t s. 

B. Soft Decision 

It is noted above that making a hard decision forces 
the transmitted power to a mobile to be lower or high- 
er than the desired, T,, (under unlimited power dy- 
namics) causing deterioration in the system perfor- 
mance which could be observed in the results present- 
ed in the subsequent section. Moreover, the search al- 
gorithm needed to find out the best power distribution 
becomes computationally inefficient as the number of 
MSs increases in a cell net, of course discarding the 
rough estimates for finding the best power band. This 
led to the development of the algorithms which would 
recalculate the new set of powers to be transmitted 
under the limited power constraint, reducing or elim- 
inating the search process for the best power band. 
This we term the soft decision (SD) process. In this 
paper, two different algorithms are presented in order 
to make SD. The new set of transmitted powers, p,, 
are calculated either by compressing the adjacent dif- 
ferences between the powers to be transmitted to the 
MSs or by compressing the adjacent ratios between 
the powers to be transmitted. The use of this algo- 
rithm eliminates the search process for the best power 

arrange them in the ascending/descending order. 
Calculate the difference between the adjacent pow- 

ers as 

di = T!+l - Ti i = 1, ...., (m - 1) 

where m = number of MSs 
Compute the compression unit,Cd 

where Tam,, and Tamin are the maximum and mini- 
mum bound of the power band available for the trans- 
mission. 

Modify the adjacent difference, di to Di 

Di = di * Cd i 1, .-., (m - 1) 

Obtain the new set of powers, T:, 

Tl = T T m i n  

Ti = T ~ L . ~  + D ~ - ~  i = 2, .-..:m 

The new set of the transmitted powers, t = {F,}, 
so obtained are substituted in (6) to calculate the new 
C/I, +. But, unlike the unlimited power case; here we 
would obtain I lMl1 different C/I, too: like it wa$ using 
the HD. Hence, to obtain the CDF of the C/I in this 
case, too, we choose the minimum of +% of all the 
MSs pm E M which is the worst C/I to be achieved 
in order to serve all the MSs. 

It was also discovered that the new set of trans- 
mission powers, 6, could also’be obtained by another 
technique involving compression of the adjacent ratios 
of the transmitted powers, i, obtained under the ideal 
condition. The use of this algorithm may require a 
search for finding the exponents for finding the best 
compression unit, but the search time is very small 
as compared to the HD, as it is independent of the 
number of MSs unlike HD. The algorithm to do so 
functions as follows 

band. This is explained in detail in the following sub- B.2 Method of Compression of the Adjacent Ratio’ (MCAR: 

For a given set of transmitted powers, t ,  for MSs 
arrange 

them in ascending/descending order. 
Tm, to be Calculate the ratio between the adjacent powers as 

sections. 

B.l Method of Compression of the Adjacent Difference (MC%@>E 

the new set Of 

transmitted to the MSs are obtained by the following 

For a given set of transmitted powers, I! = { f m } ,  for 
MSs, p m  E NI, under the unlimited power dynamics, 

under the unlimited power 

In this 

algorithm : ri = Ti+l/Ti i = 1, ...., (m - 1) 

where m = number of MSs 
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Fig. 1. CDF of C/I for the various number of cells/BSs 
with an average of 4 MSs per BS 

Compute the compression unit, Cri 

where, xi is the ith element of the arithmetic progres- 
sion (AP) series whose sum is 1, where, x 2 0. Geo- 
metric progression (GP) could also be used to deter- 
mine the series zi, but it is computationally inefficient 
and hence discarded. The A P  series is obtained as 

2 .  (1 + (i - 1) .  b }  
- i . (2 + (i - 1) - b }  

X' - 

where, b is the progression difference which could be 
set to a value that would give the best power distri- 
bution for obtaining the best C/I. 

Modify the adjacent ratio, ri, to Ri 

R, = Ti - Cri i = 1, .,.~ (m - 1) 

Obtain the new set of powers, d =  {Fm}, as 
TI = Thin 

V. SIMULATION RESULTS 

To study the system performance with the limited 
power dynamics the CDF of C/I of the cell net, I?, 
is investigated. It is desired that the CDF curve of I' 
should be as steep as possible because this confirms 

Avg. MSs 2 

Avg. MSs = 4 

Avg. MSs = 8 

Fig. 2. CDF of C'I for the various average density of MSs 
per BS 

considered consists of regular hexagonal cells arranged 
in tiers with BSs located at the center of each cell. The 
MSs are unifonnly distributed over the complete cell 
net. The antenna is omnidirectional at all the BSs 
and the MSs. Each MS is served by the BS to which 
it has got the highest propagation gain. It is also as- 
sumed that each BS can serve an unlimited number 
of MSs, which reflects that call blocking is ignored. 
The interference is exclusively intercell because of the 
JD scheme assumed which eliminates intracell inter- 
ference. The other parameters are a=8 dB, a = 4 and 
reuse factor of one. Owing to the limited simulation 
capacity, the cell net considered for the simulation 
consists of 2, 3 and 5 tiers of the cells, i.e.: 19, 37 and 
91 BSs, respectively, with a uniform distribution of an 
average number of 2 to 8 MSs per BS. The results are 
obtained as CDF of C/I for one thousand snapshots of 
MSs distributions. Throughout the paper, the system 
performance is compared for the outage probability of 
1%. 

To study the effect of the size of the cell net on the 
C/I performance, simulations were carried out using 
19, 37 and 91 BSs with an average of four MSs per 
BS. Figure 1 depicts the comparison of the CDF of 
C/I which reflects the degradation of the system per- 
formance with the increase in the system size. This 
degradation is expected because of the increase in the 
number of interferers for each MS. 

Figure 2 shows the CDF of C/I for the differen- 
t average density of MSs per BS in a cell net of 37 

the smaller variance of r. The cellular environment BSs. We can observe that- for every doubling of the 
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Fig. 3. CDF of C/I with the unlimited and limited power 
of 20 dB using the HD, depicting the effect of different 
choice of power bands for 37 BSs and an average of 2 
MSs per BS 
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1 best limited power band ; 
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average MSs, there is 2 dB degradation in the overall 
C/I of the cell net. This also could be attributed to 
the increase in the cumulative interference. It could 
also be pointed out that, if we increase the number of 
cells with nearly uniform density of the MSs, then the 
degradation of overall C/I is not very severe as com- 
pared to the C/I deterioration in the case of increas- 
ing the density of the MSs with the number of cells, 
i.e., BSs kept k e d  because of the interferer diversity. 

The HD as mentioned above, would give a best pos- 
sible power band that would maximize the possible 
C/I in the cell net. However, expense of the search 
process is proportional to the number (/MI( of MSs 
in the cell net. In a bid to do reduce the search, we 

: 1 1  
- t  . .  
; ! I  

: ! I  
: I #  
! i J  
; ; J  

t 
i 

Fig. 4. CDF of C/I showing the comparison of the algo- 
rithms for SD for 37 BSs and an average of 2 MSs per 
BS 

1 
j 
1 

loo I I  

Unlimited power t 

obtained the C/I performance in the cell net with 
three different power bands. The first power band is 
obtained by the regular search with the search steps 

Fig. 5. CDF of C/I to compare the HD and the SD for 37 
BSs and an average of MSs per BS 

equal to the number IIMw(( of MSs, the second power 
band is obtained when the mean of the required power 
band is equal to the mean of the transmission power 
distribution obtained under the ideal condition, and 
the third power band is obtained when the mean of the 
required power band is equal to the the mean of the 
transmission powers in dl3 under the ideal condition. 
The performance of the system obtained by these pro- 
cedures is shown in Figure 3. We carn observe that the 
best performance is obtained if the power band is s- 
elected for the maximum C/I through the proposed 
search process. But, more importantly, it is observed 

that the C/I performance obtained from the power 
band whose mean is centered at the mean of the trans- 
mission powers is closer to the performance obtained 
using the regular method. 

In order to reduce/eliminate the search process: a 
novel algorithm of SD was developed for whiih two 
procedures were envisaged, namely MCAD and M- 
CAR discussed above in detail. The performance un- 
der both these cases are compared in Figure 4. We see 
that MCAD gives a slightly better performance than 
MCAR. Moreover, the computation time for the M- 
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could be employed to obtain the best performa,Iice un- 
der the limited power dynamics. It is computationally 
less expensive as compared to the hard decision algo- 
rithm. But, HD with the estimation strategy based 
on the mean of the transmitted powers obtained un- 
der infinite power assumption also gives comparable 
performance. It is also concluded that the availability 
of the dynamic range of 40 dB at  the BSs would be 
sufficient to get nearly the ideal performance for the 
best QoS with an optimum usage of the resources. 

r IdB 
Fig. 6. CDF of C/I with the different limited power bands 

for the distribution of 4 MSs on an average for 91 BSs 

CAD is less than that for MCAR. Thus, either of the 
two procedures of SD would be computationally less 
expensive than the HD, but given one choice, MCAD 
would be the best. The SD and the HD are then com- 
pared in Figure 5 which tells us that the hard decision 
made by choosing the best power band is equally good 
compared to the soft decision makiig, but SD would 
be computationally less expensive as compared to HD. 

As a matter of interest and for the knowledge of 
the hardware designers of the amplifiers, the limit of 
the dynamic power was increased to explore the max- 
imum dynamic range of the power needed at the BSs 
in the centralized power control strategy for obtain- 
ing the closest C/I performance to the one obtained 
under the assumption of the unlimited power control. 
The C/I performance was studied for 20 dB, 30 dB; 
and 40 dB and is presented in Figure 6. It can be o b  
served from the results that the performance under 40 
dB is nearly equal to the performance obatined under 
for ideal condition for even relatively large scenario 
of 91 BSs with an average of 4 MSs per BS. Thus, 
40 dB availability would be sufficient for the cellular 
mobile communications employing JD-CDMA for the 
best QoS, with an optimum usage of the resources. 

. 

VI. CONCLUSIONS 

Two novel methods, viz., Hard Decision and Soft 
Decision have been presented in this paper to obtain 
C/I balancing under the limited power dynamics. It 
could be concluded that the soft decision using the 
method of the compression of the adjacent difference 
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