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Abstract— Compact thin-film high-temperature superconduct- transmit power leading to longer battery life. More generally,
ing filters have high selectivity and sensitivity. Combined with for systems which are reverse-link [3] limited, the deduction in
a cryocooled, low-noise amplifier, they significantly reduce the ha handset transmit power can be traded off for other network

effective noise factor of a cellular base-station receiver. Their imorovements: both the mean-field and numerical simulation
impact on wireless CDMA networks is examined using a mean- provements. bo € mean-field a umerical simulations

field analysis and numerical simulations. Potential benefits of su- Show that the HTS unit increases capacity utilization for
perconducting technology include increased capacity utilization, a given coverage, increases coverage for a given capacity

coverage efficiency, and data rates. Numerical simulations also ytjlization, fills coverage holes, and enables higher reverse-
address the question of how the network should be optimized 10 ik gata transmission rates. The numerical simulations also
realize these benefits. show the benefits of HTS for call blocking and dropping as
Index Terms—Code division multiaccess, CDMA2000, high- well as the need for proper optimization of the network to
temperature superconductors, simulation, and modeling. realize these benefits. Here we extend our previous analysis on
HTS benefits that also examined the preliminary experimental
. INTRODUCTION evidence for the theory [1].

The rapidly growing demands for wireless communication We begin in Section Il by discussing the noise factor of the
stress the capabilities of existing systems and the designs of i ES-filter-LNA receiver. It is the reduction in the system noise
ture systems. To meet this Cha"enge, advanced network Sigmor of the receiver that determines the benefit of the HTS
processing algorithms and new hardware are being develop@¢gtem. In Section Ill, we briefly review various CODMA mean-
One new hardware development is the use of thin-film higfield relations [4] for the coverage and capacity from a noise-
temperature superconductors (HTS) and cryocooled, low-nofgétor point of view in order to clearly show how a reduction in
amplifiers (LNA) to reduce the system noise factor of wireled¥ise factor can benefit the network. This approach assumes a

base-station receivers. Here we examine the potential benedgéerministic traffic load and perfect power control. In Section
that this hardware can bring to a Code-Division MultiplelV. the results are generalized to take into account fluctuations

Access (CDMA) network. that arise from the fact that power control is not perfect,
The basic function of the crycooled receiver front endMD noise can be present, and the offered traffic is a random

which contains the HTS filter and the LNA, is to removdrocess. Then, in Section V, we turn to a discussion of a
out-of-band signal power and amplify in-band signals witAumerical simulation which allows us to go beyond the mean-
a minimum degrada’[ion of the Signa]-to_noise ratio. The réﬁld results and examine the role of the forward link and its
duction in the system noise factor of the base-station recei@fect on the benefits to the network performance that can be
associated with the introduction of the HTS front end ariségalized.
from three factors. First, the decrease in insertion loss andn Section VI, we extend our analysis to discuss the effects
the lower operating temperature of the HTS filter significant§f an HTS front end on CDMA2000. This third generation
lowers the noise factor of the filter. Second, the low-nois®yStem is designed to provide increased data rates as well as a
amplifier operating in the cryogenic environment adds onWide variety of services and exhibits a significant performance
a Sma” amount Of noise and |tS gain eﬁective|y e"mina‘té%eneﬁt from a reduction in the receiver noise factor. In the
the in-band noise contribution from the rest of the receivegoncluding Section VII, we summarize what our analysis has
Third, the high selectivity of the HTS filter removes out-offound regarding the benefits that superconducting technology
band signals, which would typically generate intermodulatio®¥ings to wireless CDMA networks. We note that various
distortion (IMD) noise due to the nonlinearities in the rest dEDMA relations can be written in a robust way which uses
the receiver chain and increase the effective noise factor of ghgectly measurable quantities to characterize the HTS benefit.
receiver. We point out that our numerical simulations support these
For the purposes of the CDMA benefit analysis, the prognalytical relationships as well as allow us to extend them.
erties of the cryocooled front end can be characterized by
the effective noise factoF' of the base-station receiver [1]. Il. HTS FILTERING
The CDMA analysis shows that for a given situation the dB The purpose of an HTS filter is to provide high selectivity
reduction of the noise factor is equal to the dB reduction in tiveith low insertion loss over a desired pass band. The high
handset power when the HTS unit is put in place [2]. Thusglectivity removes out-of-band signal strength that would
other things being equal, an HTS system will reduce hand$etve been mixed into the band of interest by the nonlinear
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intermodulation of amplifiers and mixers further down the [1l. M EAN-FIELD CDMA

receiver chain. The low insertion loss means that very little |, this section, we consider the part of the 1S-95A commu-
of the desired signal is lost passing through the filter and {cation protocol between the mobile user and the base station
low operating temperature combined with this low loss meaggat is responsible for transmission and reception of data [4],
that only a small amount of thermal noise is added. The Io%]’ [7], [9]. On the reverse link, this part of the CDMA system,
temperature environment required for the HTS filter can algge physical layer, is most affected by the improvements in the
be used to hold an LNA whose gain can mitigate the noig@nsitivity and selectivity of the base-station receiver which

introduced by the remaining part of the receiver chain. s possible using high-temperature superconducting filters and
The enhanced performance of cellular system utilizing &iyocooled low-noise amplifiers.

HTS filter and LNA front end can be characterized in terms of
an effective noise factor. The noise factor of an HTS filter witR

an insertion losd/G; (G; < 1), operating at a temperature Basic Theory

T relative to room temperaturg,, is [5] In a CDMA system, thg bit error probability _is a function
of the ratio of energy per information bit;, to noise spectral
Fl—14 1-G; (T> . (1) density N,. Because a certain error probability is targeted, the
G T bit energy-to-noise density ratio is fixed 0 = (Ey/No)req-

If the filter is cooled down close to the absolute zero terf¥SSUMINg perfect power control, each mobile userafsers
perature,7 < T,, no noise is added an#, = 1. For Per base-station cell adjusts its transmit power so that the
’ (o3 - . . - . .

G, = —0.5dB andT = 77K, the noise factor of the HTS- 'eceived power level’, at the base-station receiver fulfills the

filter is F, = 1.03 (0.14 dB). condition, ¢, = (C/I),(W/R,). Here I is the interference
The total noise factor of the base-station receiver is obtainB}ffS Noise powerR, is a given data rate, anV’ is the

from the cascaded formula [5] spread-spectrum bandwidth of the communication channel.

The signals from the othen — 1 users acts as additional
-1 + I3 -1 @) noise and adds.,(n — 1)C,, to the background nois€ Nj,.

Gy G1G> Here, o, ~ 0.4 is the average reverse-link voice activity

where F} is the noise factor of the HTS filteE}, is the noise factor, Ni, is the background input noise power, afdis

factor of the LNA with a gainG», and F; is the noise factor the receiver noise factor. Within a mean-field approximation,

of the rest of the receiver containing the downconverter agignals from other cells contribute,{nCy,, with the reuse

demodulator. With sufficient gaifi,, the contribution fromF, ~ fraction & ~ 0.55. Thus, the signal-to-interference plus noise

is negligible and the noise factor of the receiver is determinégfio at the reveiver input is

by its front end. Here, as discussed, superconductivity brings in (C

F,=F +

Cn
two great _advantages: a_Iow_operating temperaturg and nearly I)n = (11 n—1] awCp + FNm' 4
lossless signal propagation in the pass band leading tB;an ) )
which is close to unit. The LNA adds only a small amount dfo" @ given data rateR, and spread-spectrum bandwidth
noise and in practice we find that the effective operating noi%: the required signal-to-interference plus noise ratio is
figure is approximately 0.5dB correspondingfp = 1.12. .C/I)n = Ky, Where the normalized dimensionless data rate
When intermodulation distortion (IMD) due to the nonlineal® CoRy

character of the receiver is taken into account, the effective Ko = =y (5)
(generalized) noise factdr becomes:

Setting this equal tqC/I),, given by Eq. (4), and solving

F=F, 4+ NIMD_ 3) for C,, gives

Ni Cn:FNinLa
Here, Ny, = kT, W is the ambient noise power at the inplt, 1-X
is the channel bandwidth, af§iy is the IMD noise power WhereX = n/n. is the cell loading. The constam{ is
referenced to the input of the receiver at a given frequency. Ky

(6)

) . . o . K=——"#+ @)
Intermodulation distortion amplifies any fluctuations that are 14+ ayky
present in the interfering signals. The standard deviatiof 51 the pole capacity
the effective noise factor can therefore be large. If the CDMA 1
system cannot compensate for these fluctuations fast enough, (8)

they will have an adverse effect on the system capacity. T (149K
Highly selective HTS filtering removes these fluctuations ge the limiting theoretical cell capacity.
that or ~ 0. Also, as discussed, the selectivity of the HTS Although Eq. (6) is only an approximate mean-field result, it
filter is effective in reducing the out-of-band signal strengthrovides insight into the more detailed numerical simulations
that leads to intermodulation distortion in the amplifier and thee will discuss later. In particular, it illustrates the interrela-
rest of the receiver following the filter. Thus, whiNy\p/Ni,  tionship between coverage and capacity utilization in a CDMA
can make a significant contribution to the effective noise factsystem and the effect on these quantities of reducing the noise
when conventional filtering is used, the effective noise factfactor. First, one sees from Eq. (6) that, other quantities remain
with HTS filtering is close taF,. fixed, a reduction in the noise factor leads to a reduction in
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the handset power. In fact, this reduction can provide a direct
measure of the change in the effective receiver noise fdctor
of a base-station when a superconducting filter system replace 159 |

the conventional front end. FIF =2

100 |

B. Coverage Area
The coverage per base station is determined by the max: o FF=4

imum allowed number of users per cell,, which defines

the threshold of the cell loading a&, = n,/n. If the

reverse-link signal propagation is characterized by a power 0 ‘

law exponenty so that the path loss varies inversely with 0.0 0.2 0.4 0.6 0.8 1.0

distance ad/r”, then it follows from Eg. (6) that there is a Loading Threshold X,

simple relation between the cell radidsand the cell loading

threshold: Fig. 1. The relative increase in the CDMA loading threshold as

1-X, Al a function of X,,, when the noise factor is decreased by a factor of
=1, : (9) 2(3dB)and 4 (6 dB).

AXolXo (%)

Here/, is the limiting radius of a cell such that a mobile user

transmitting from the cell edge would have the required Sig”ﬂ!eeping the number of users per cell the same increases the
to-noise ratio if there were no other users and the noise factQjyerage efficiency in terms of the coverage area per cell.

of the receiver were unity. Thus the coverage and capacityThe above scenario is well suited for situations where the
increases that result from a reduction in the noise factor gfimper of users per cell can be fixed. However, often the
the base-station receiver are linked. Either one or both CARiting factor is the traffic density and we must consider
be improved, but the amount of improvement is constraingghether the number of base stations can be reduced while
by Eq. (9). This shows that for a fixed cell loadingo, sjll serving the same number of users per unit area. For a

decreasing the noise factor increases the cell radius while fggion of areaS with M users per unit area, the number of
a fixed radius, a decrease in the noise factor allows for g8se stations is

increase in cell loading. For a fixed noise factor, the radius S
of the cell decreases as the cell loading increases. This is Nps = 2’
the so-called cell breathing effect and further illustrates th

) i . . Srates Where ¢ is the cell radius. Using the expression foifrom
interrelationship between coverage and capacity utilization fEr .
g. (9), this becomes

a CDMA system.
S F 2/
Nos =p <1_x> | (12)

(11)

C. Capacity Utilization

Alternatively, for a fixed cell radius, the theoretical unuse
capacity relative to the pole capacity—~ X,, is proportional
to F. If the noise factor changes frofi to F”, the relative
change in the loading threshold X, = X! — X,, is

AX, AF (1-X,
X, F X, )’

where AFF = F/ — F is the change in the noise factor. It
quantifies the enhanced capacity utilization. This is one of tiBbstituting the expression in Eq. (12) fiz5, we obtain an
most important mean-field results and is plotted in Fig. 1. Theplicit equation for the cell loading(,:
expression is universal in the sense that it only depends on the 2/
cell loading and noise factors. We see from Eq. (10) that if _ S F K
. N=no|—|Xo| ——= . (14)
the network operates close to the maximum loadihg~ 1, a 2 1-X,
decrease in the noise factor has little effect on the cell Ioadir]q. . :
. S . . ere the scale for the number of base stations is set by
In contrast, if the loading is low, a decrease in the noise factgr 9 . .
. . . i . o /ml; and the scale for the carried number of users is set
will lead to a noticeable increase in capacity utilization. Fqu OS/ /2 Becausd. and both depend Upon Specifics
example, if X, = 0.5 and the noise factor is lowered by a Y oo o o Moo b P P

. . of the network, it is convenient in the following to work
factor of 2 (3 dB), the loading can increase Hy%. with normalized quantities so thaVss — Nps/(S/(2)

measures the number of base stations relativé /o2 and
D. Coverage Efficiency N = N/(nsS/m¢?) measures the number of users relative to
If the reverse-link is the limiting factor and the loadingie.(S/7¢2). Thus,N' = X, Nps.
thresholdX, is fixed, then the average number of base-stationsThe cell loadingX, is determined from Eqg. (14) for a
will vary as F2?/7. Thus, lowering the noise factor whilegiven number of usersV. While this can be done for any

Eiere S/mf% is the minimum number of base stations one
could have ifF = 1 and X, = 0. The number of base
stations is determined by the requirement that the network
can accommodate the traffic &f = M.JS users. Since the
number of users per cell iX,n,, this requirement becomes

(10)
N = XOTLOONBs. (13)
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Fig. 2. Shown is the relative decrease in the number of base statiqg?gs 3. The relative decrease in the number of base stations as a
as a function of loading threshold',, when the.n0|se factor is function of the capacity increase, when the noise factor is decreased
degrgased by a factor of 2 (3 dB) for the propagation exponent3 by a factor of 2 and 4, fo, — 0.5 (without HTS) andy — 4
and 5. , o . .

propagation exponent, consider= 4 as an example. In this superconducting front end) in the lightly populated regions.

case, solving Eq. (14) fokX,, we obtain Fig. 2 illustrates the results more generally fprequal to
) 3 and 5. As expected, the reduction in the number of base
_ & Ar stations due to the reduced noise factor vanishes as the cell
X, = 1+-— -1 (15) .
2F N loading approaches one.

New network deployments can take an advantage of HTS

and the number of required base stations becomes : . . o
improvements by trading off capacity utilization and coverage

Noo — 2F 1 (16) efficiency benefits. This will result in a cost-effective and
BS N 4F ' better balance between deployment scenarios and network
1+ N2 1 performance. Fig. 3 illustrates the optimal tradeoffs between

the capacity increase and the coverage efficiency increase for

Note that the coverage efficiency is inversely proportlongl given noise-factor reduction. This reduces to the previous

to _NBS. Clearly, the coverage efﬂme_ncy increases as trrla(?sults outlined in Figs. 1 and 2 when either benefit vanishes.
noise factor decreases. These equations are derived under

the constraint that, for a given user density, the number of
base stations is minimized. Varying the user dendity and IV. FLUCTUATIONS

therefore\V, the impact of the noise factdr on the size of L . . .
In practice, imperfect power control will result in fluctuating

the network can be found for various situations. ! . .
(i) For a small user densityV’ < VT, the cell loading received power at the base-station receiver. Because a CDMA
' ' -gellular system is interference limited, it does not have a

becomesX, = N'/VF, and the number of base stations ig q ber of ch | this d d th t of
proportional to the square root of the noise factor: pred umper of CHanne’s as s depends on e amoun: o

interference and the desired quality of service. The statistical
Nps = VF. (17) nature of available links makes it convenient to define the

Thus, when the user density is small, we get the same res@EaCIty of the system in terms of a blocking probability. This

. he probability that a new user will be denied access to

mdependgnt of w.het‘?er the numberl of#.sers per.fbars]e Sta}'ﬁg network. The number of users that can be supported for a

?r per.umtdarea(lj 's ept copst?nt. n :] IS cast()a, ' ft € nc.)'é?\/en blocking probability is defined to be the soft, or Erlang,

actor is reduced by a certain factor, the number of requir &acity of the system. The blocking probability is also known

base stations decreases by the square root of the same fagS the grade of service. In the following, we consider 1S-95
(#i) For a large user densityy" > +/F, the cell loading DMA ' '

: o 5 S
is Xo =1 — F/N” and X, approaches 1. In this limit, the Arriving calls are blocked, if the total amount of interference

number of base stations depends only weakly on the noise ) : . .
at'a base-station receiver exceeds a certain value, as specified

factor. F by the cell loading threshold,. The total amount of inter-
Nps =N (1 + Nz) (18)  ference is
In this case, the cell loading is so close to one that the I= Zo‘iCHFFNin’ (19)
interference due to the users dominates over the ambient noise, !
rendering the noise factor of the receiver irrelevant. where the sum is over all mobile users in the network, includ-
For example, if the propagation constant 4 and F' were ing the neighboring cells, and all users have the same average
decreased by a factor of 2, one would need ohly/2 as voice activity factor,c, = (). In general, propagation

many base stations (of order 30% fewer than without thmeasurements show that the received carrier power foittthe
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user is a lognormal random variable [7]. Similarly, bit energy-
to-noise spectral density is assumed to be a lognormal randon

variable,
Ey\ /B ooz
(%), (=), @

Here (E,/N,); is the median bit energy-to-noise spectral
density value for theith mobile user,o, is the standard
deviation, andz; is a random Gaussian variable with zero
mean and unit standard deviation.

A new call is blocked whed > I,. Herel, = F,N;,/(1—
X,) is the value for the total interference for a network with
a desired quality of service set by the noise fadiprand the
loading thresholdX,. Thus, the blocking probability is

Blocking Probability (%)

0.0 2.0 4.0 6.0
Standard Deviation oy (dB)

Fig. 4. The blocking probabilityB(X) as a function of standard
deviationonr = 1007/ 1In 10, for X, = 0.5 and 0.75. The offered

. _ . traffic A, is kept constant while the carried traffid = Xn. is
Defining F' = F,,(1 + f) where f takes into account the IMD solved from the self-consistency conditiod, = A,[1 — B(X)].

noise Niyp arising from the nonlinear contribution in Eq. (3).the offered traffic is determined so that, fer- = 0, the blocking
the blocking condition can be written as, «;C; /I > X,(f), probability B = 2%,. The other parameters atg = 1.5dB, £ =
where X, (f) = X, — (1 — X,)f. It can be shown [6], [7], 0.55, &’ =0.086, (a) = 0.4, (a®) = 0.31, andk, = 5/128.

[9] that, in Gaussian approximation with a Poisson distributed

call traffic, the blocking probability is

B = Prob(I > I,). (21)

) blocking probability increases rapidly with increasing:.
1 Xo(f) — Xeoo/? Note thatr decreases aX, increases. In intermodulation-
B(X; f) = zErfe| ————— 22) e ; - .
2 V2B, X distortion limited environments, poor filtering can be detrimen-
) _ _ tal in terms of network capacity and lends further support to
Here, X = A/n. is the average cell loading and is the sejective HTS filters. This behavior is demonstrated in Fig. 4,
average carried traffic per cell. The carried trafficdefines for X, — 0.5 and 0.75.

the soft (Erlang) capacity of the system per cell for a given gyen though the CDMA system does not have a well-

blocking probability. The parametet, is defined as defined number of channels, it still features a phenomenon
(@) (14¢€) o known as “trunking efficiency” in which the soft capacity
Bo = We °. (23) X increases more than the increase in the loading threshold

X, would imply. This is a direct consequence of the law of
Typical values of and{’ are 0.55 and 0.086, respectively [7]jarge numbers where the magnitude of fluctuations in the total
For a constant effective noise factor, the blocking probabilighannel interference grows only aéX. The capacity can

is given by Eq. (22) withf = 0. However, the blocking therefore be increased further, because the standard deviation
probability increases if the effective noise factor fluctuategs interference fluctuations is actually decreased in relative
which would be the case when the base-station receiver d@&gns. Also, since the relative standard deviation of the traffic
not have selective enough filtering. This reduces the capacifitribution decreases as the magnitude of the traffic increases,
of the CDMA system. Lep(f) be the probability distribution 3 higher cell loading can be supported for the same blocking
function of f. Then the blocking probability becomes probability. However, in a CDMA system, trunking efficiency

oo would be observed even under deterministic traffic conditions.
/ df p(f)B(X; f). (24)  For a deterministic cell loading,

— 00

B(X) =

If the time scale of noise-factor fluctuations is much shorter g — (a®)(1+¢) 2% ( - We—ﬁ) (26)
than that of the power control, the power-control accuracy (a)2(1+&)*no (a?)

decreases and, in Egs. (22) and (23) must be replaced byhe parameter3, would be zero only if all the standard
the actual power control accuraey> o,. In general,B(X) deviations characterizing the communication chansgland

can be evaluated exactly by numerical integration. Howeverdf, = | /(a2) — (a)2, were zero.

[ is a Gaussian random process, a closed-form result can bgpecifically, consider the soft-capacity increase when the
derived. Assuming thaf is a Gaussian random variable withreceiver noise factor is reduced. For a given grade of service

zero mean and standard deviation, the blocking probability B (< 50 %), the soft capacityX is obtained from Eq. (25) as

IS
1 X, — Xeoo/? B X, | Br
B(X) = 2Erfc<2(ﬁo +BF)X> : Xo + 2¢ (1 1+=2+ 2@)6)] ., (27)

wherefr = 0%(1—X,)?/X. Foror < v/B,X/(1-X,), the where ¢ = %qQﬁoe*"i/Q and ¢ is defined so thatB =
blocking probability is only weakly affected by a quctuating%Erfc(q). The increase in the soft capacity exceeds that of
effective noise factor. In contrast, outside this regime, ttike loading threshold when the raégX, does not vanish. It

@5 X =e "0/
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200 A. Statistical Model of a CDMA Network

The forward link of 1S-95 CDMA includes four different
150 channel types: a continuously transmitted pilot which provides
) dX/X a reference for all users, a continuously transmitted sync chan-
nel for base-station identification and timing, paging channels
dXJ/X, for control information, and traffic channels for voice. The
number of traffic channels per cell is assumed to be 62. Typical
50 - targetE, /N, values for these channels are -15 dB for the pilot,
6 dB for the sync and paging channels, and 7 dB for the traffic
channels — the corresponding processing gains are 1, 1024,
256, and 128, respectively [7]. The actual simulation involves
only separate pilot and traffic channels, whereas the remaining
channels are included in the pilot channel by an overhead
Fig. 5. The relative increase in the cell loading facthiX, /X, and factor. A;sumin_g that there IS one active paging channel per
the soft capacityAX/X as a function of the loading thresholi,, Pase station, this factor is 2 dB for the above parameter values.
when the noise factor is decreased by a factor of 2 (3 @)% 2%, Thus, the pilotE, /N, value used in the simulations is -13 dB.
0o =1.5dB, andor = 0. The simulation utilizes a traffic model where calls arrive
randomly and uniformly within the cluster area according to
a Poisson distribution with rate. Call holding times are
‘exponentially distributed with a mean timi¢., whereyp is the

100

Capacity Increase (%)

0.0 0.2 0.4 0.6 0.8 1.0
Loading Threshold X,

is illuminating to consider two limiting cases. For simplicity,

letor = 0. . . .
First, for X, > ¢, AX,, the relative increase in the softdverage depar_tu_re rate. T_hus, in a time intetvglthe average
capacity is number of arriving calls is\At and the average number of

terminations isuAt¢. The time intervalAt¢ is selected so that
AX e\ AX, i :
St < x (28) on average one call arrives during kAt = 1. If the offered
o ¢ . _ traffic is 60 and the average call duration 120/, = 2s.
In the limit wheree /X, — 0, the increase in the soft capacityBecause the mobiles adjust their transmit power once in a

is the same as the increase in the loading threshold. Thes-ms interval, the system has enough time to equilibrate
increases are identical when the blocking probability=  petween arriving and terminated calls.

50%, sincee = 0. If there were no limitations set by the network, at equilib-
Second, forX,, AX, < ¢, the relative increase in the softrium the average trafficd (number of users) carried by the
capacity is given by network would equal the offered trafficd = A, = \/p.
AX AX,\ AX, However, because arriving calls must be denied access to the
~x 2 (1 + 2X, ) X, @ network if resources are not available and calls would have

Thus. th ft ity is | db th fact to,be dropped if a sufficient link cannot be maintained, the
us, the Soft capacity 1S Increased by more than a fac Oro ered and carried traffic usually differ. At equilibrium,

two over the increase in the loading threshold. This case is

relevant when the blocking probability is negligible. A=A,(1-B)(1- D), (30)
For a typical situation withF'/F" = 2, X, = 0.5, B = , . .

2%, ando, — 1.5dB, we obtaine — 0.027 and the soft- where B is the probability to block an arriving call from the

capacity increase determined from Eq. (27§3s%, which is network andD i§ the probability that a call is dropped [8].
26 % more than that suggested by the increase in the loadfY§ c@n also write
thres_hold, Eq (10). Figure 5 iIIustrat_es _the contribution of A= A,(1 - Beg), (31)
trunking efficiency to the actual capacity increase.

where the effective blocking probability.s is defined in

V. NUMERICAL SIMULATIONS terms of the blocking probabilityB and the dropped-call
The CDMA network is an interference-limited system ifProbability D as
which the overall system performance relies on balancing the But = B+ (1 — B)D. 32)

forward and reverse links. For balanced networks, improve-
ments in the reverse link performance should be met wilfhe effective blocking probability can also be interpreted as a
similar improvements in the forward direction. These mametric for the quality of service where a smaller valueif;
include increasing the total transmitted power of the bagmplies better quality of service.
stations as well as adjusting the soft handoffs. A base station blocks a new call when there is no chan-
In this section, the network optimization problem of 1S-9%el element available. This form of blocking is called hard
CDMA is studied using a numerical simulation [1] that takeblocking [9]. The number of links available for calls depends
into account the fact that the forward-link performance differsn the total amount of noise and interference. When the total
from that of the reverse link. These differences, caused bynount of noise and interference at the input of a base-station
multiple-access interference and soft handoffs, lead to differeeteiver exceeds a threshold value, which is set to maintain
pole capacities for the forward and reverse links. the desired coverage and dropped-call rate, arriving calls are
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denied access to the network. This is soft blocking. It alsoside. The required coverage area of the network is fixed so
accounts for mobile users that cannot access the netwthkt mobile users within 4 km from any base station should be
because a sufficient reverse or forward transmit power to maderved with good quality of servive. Setting the cell radius at
a connection is not available. An increase in the carried traffapproximately 4.3 km, the implied margin in the link budget is
for a given blocking probability indicates increased capacitgufficient to keep the number of dropped calls small for most
whereas a decrease in the blocking probability for a giverases. The handset noise figure will be taken to be 8 dB and the
carried traffic load implies a better grade of service. handset peak power will be set at 200 mW, which corresponds

A user is denied access to the network, if the cell loading is 23 dBm. The nominal base-station noise figure without the
above the loading thresholl, or if there are no traffic chan- HTS front end will be taken to be 5 dB. The superconducting
nels available. Each base station determines the cell loadfnant end has the ability to decrease the base-station noise
X independently by comparing the user-induced interferenfigure down to 2 dB. The capacity of the network is measured
to the ambient noisé'V;,. The capacity is defined in termsfor a constant effective blocking probability of approximately
of the effective blocking probabilityB.¢ that includes both 2%. The data was collected over 50,000 time intervals [11].
hard and soft blocking: here, it is the number of uségs(or Figures 6 and 7 summarize the simulation results. Without
A) for which the effective blocking probability equats. the HTS front end, limiting the loading threshold, to

In our numerical simulations, soft handoff provides macrd.5 allows the cluster to cover the desired area. The three-
scopic diversity where mobile users can simultaneously cosite cluster can handle an offered traffic of 54 users for the
municate with more than one base station. In the forwaggecified effective blocking probability. This corresponds to a
direction, the received signals from the different base statioseft capacity of 53 users (average carried traffic). The dropped-
are combined with maximal-ratio combining. In the reverseall probability D is 0.2 %. A sufficient forward-link coverage
direction, however, selection combining is used where tlnd soft capacity is obtained when the pilot power is 1 W and
received signal with the highed, /N, value in the network the available total base-station transmit power is 11 W.
is selected. With the HTS front end, the loading threshald, can now

In the simulation, mobiles and base stations adjust théie increased to 0.75 while maintaining the same required
transmit power in finite steps. If the receivéd,/N, value coverage area. FoB.s = 2%, the offered traffic can be
is less than the target value, the transmit power is increagedreased toA, = 93 users. The average carried traffic
and vice verse. This procedure and the fact that the received1 users and the dropped-call probabilidyis 0.3%. The
power C; is a lognormal random variable result in imperfectorward link does not limit the capacity of the cluster, if the
power control. For the chosen values used in the simulatigrilot power is increased to 1.3 W and the maximum base-
the standard deviation, of the logarithm of the signal-to- station transmit power to 25 W. Thus, a 3-dB reduction in the
total interference ratidn(C;/I), measured at the base-statiofpase-station receiver noise figure can yield a 75% increase
receiver, is 1.5 dB. A call is dropped, if the link reliability isin the voice capacity for the given coverage area provided the
less thang80 %, which happens when the receivéy/N, is pilot power is increased to 1.3 W and the base-station transmit
less than the targef, /N, value more thar20 % of the time power is increased to 25 W.
due to reverse or forward transmit power limitations. The “measured” probability distribution functions for the

The voice activity is described by a quaternary randofigndset and base-station transmit powers are given in Fig. 6.
process that parallels the natural voice pattern. The probabilitythe base-station noise figure is reduced by 3 dB but the
of full rate transmission is 29.1 %, half rate is 3.9 %, 1/4 rateading thresholdX, and the effective blocking probability
is 7.2%, and 1/8 rate is 59.8 %. Thus, in the reverse link, tH&q are kept the same, the soft capacity of the network will
average voice activity factor i&x) = 0.4 and (o) = 0.31. In  remain the same. However, the number of dropped calls will
the forward link, the power-control bit is taken into accouritanish, and the probability distribution function of the handset
increasing(a) to 0.45. transmit power will shift 3 dB to lower power levels, as

The simulation tool can employ any propagation model. Ahown in Fig. 6(a). The average handset transmit power in this
an illustration, we use the empirical CCIR formula, whiclsimulation was also reduced 3 dB. Note that even if the loading
is the Hata model for a medium-small city [10]. In th¢hreshold is also increased to facilitate the capacity increase,
simulations shown below, the base-station antenna height istBe probability distribution functions remain essentially the
m, the mobile antenna height is 2 m, the carrier frequencysgme as they were for the lower threshold without the HTS
830 MHz, and 15 % of the study area is covered by building&ont end.
While forward channels are transmitted orthogonally, multi- The shape of the probability distribution function for the
path propagation usually leads to forward-link interferencbandset transmit power shown in Fig. 6(a) can be understood
Here we assume that 70 % of the transmitted power appefysthe fact that the transmit power cannot exceed the peak
as interference. power of 23 dBm (200 mW). At low power levels, the

probability distribution function is determined by the mobiles
close to the base stations. The differential probability of having

B. CDMA Network Performance mobiles at a distance from the base station idP o rdr

As an example, we consider a cluster of three omnidireir which case their transmit power in dBm units ¢ =
tional cells that is designed to cover an area of about 100 kmi0Olgr + const. Thus, the probability distribution follows a
The base stations form an equilateral triangle which is 6 km carve that has the simple formP/dC « 10¢/(>7),
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Fig. 6. The probability distribution function of (a) the handset ©)
transmit power and (b) the total base-station transmit power when
the base-station receiver noise figure is 5 dB (red line) and 2 dB
(blue line). Without the HTS front endNF' = 5dB), the offered

traffic A, is 54 users, the reverse-link loading threshald is 0.5,

and the pilot power is 1 W. With the HTS front end/¥’ = 2dB),

the offered trafficA, is 93, the reverse-link loading threshald, is

0.75, and the pilot power is 1.3 W. As a comparison, also shown is
the probability distribution function (dashed blue line) f6r= 2 dB,

A, =54, X, =0.5, and a pilot power of 1 W.

Fig. 7. The instantaneous coverage areas, indicating the appropriate
soft handoff regions for adding a new user, when the base-station

. . - S . _receiver noise figuréVF' is 5 dB and the number of mobile users is
Figure 6(b) illustrates the probability distribution functiors, (without HTngiIters) and whelVF is 2 dB and the number of

for the base-station transmit power. Initially, the average basfopile users is 91 (with HTS filters): the composite coverage area
station transmit power is 36.3 dBm (4.3 W) and the standaiat (a) NF' = 5dB and (b) NF = 2dB, the pilot coverage area for

deviation is at 1.1 dB. With increased traffic loading, thé&) NF = 5dB and (d) NI = 2dB, the reverse coverage area for
average base-station transmit power is increased by 3.6 §8,VF = 5dB and () NI' = 2dB, the forward coverage area for

hile the standard deviati ins th Similarly. t '"NF = 5dB and (h) NF' = 2dB. Base stations are denoted by
while the standard deviation remains the same. similarly, squares and mobiles by filled circles with their color giving their

peak transmit power increases 3.6 dB from 40.4 dBm (kbft handoff state. Red shows no coverage, green the one-way soft
W) to 44 dBm (25 W). In order to manage the increasethndoff region, blue the two-way soft handoff region, and yellow the

reverse-link capacity, the power-handling capabilities of trieree-way soft handoff region. The area shown is 16 k16 km
base stations must be increased by more than a factor of tw @g the distance between the base stations is 6 km. As noted in the

. L .Jext, in order for the forward link not to limit this increased capacity,
ensure that the forward link does not limit the system capacify, bilot power is increased from 1 to 1.3 W and the maximum base-

As long as the amount of traffic and the coverage area remajgtion transmit power from 11 to 25 W when the HTS front end is
the same, reducing the receiver noise factor has no effectard.

the base-station transmit power. The probability distribution

number and location of mobile users. ones. The forward-link coverage for traffic is larger for 91
Figure 7 shows the mobile user locations at one randamsers, because the base-station transmit power was increased

instant of time with 53 and 91 users and the correspondisg that the unevenly distributed loading conditions and large

coverage areas. For the increased capacity, the reverse-loddings can be handled without the forward link limiting the
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propagation loss decreases allowing the use of larger loading
thresholds; see Fig. 9. For a given loading threshijdand
(b) blocking probability, the average cell loadidg and the con-
comitant capacity increase can be estimated analytically from
Eq. (27) and also computed from the numerical simulation.

Main reasons for the deviation between numerical sim-
ulation and analytical results are soft handoff and blocked
and dropped calls, which are more likely to occur when the
number of usersV in the network is high. It is particularly
important to realize that blocked and dropped calls will reduce
the probability of having highV values. In fact, numerically
obtained probability distribution functions @f are approxi-
mately Gaussian distributed with a standard deviation less than
VA, whereA = (N) is the average value a¥.

For the purposes of comparison of numerical simulation and
analytical mean-field results, 1€f; denote the instantaneous
number of users in a soft handoff state with thia cell's
base station{ = 1,...,Npg). As a generalization, the
instantaneous loading(, of the kth cell is defined so that
the instantaneous noise rise relative to average thermal noise
Fig. 8. The instantaneous coverage areas, indicating the appropraser, (F') N;,, at thekth base station il — X;)~!. Further,
soft handoff regions for adding a new user, when the base-sta_tiggsume that the number of users in soft handoff withktihe

receiver noise figuréVF' is 5 dB and the number of mobile users i . . - .
91: (a) the composite coverage area, (b) the pilot coverage area,sqgfe station and its cell loading are linearly related,

the reverse coverage area, and (d) the forward coverage area. Base Ny,

stations are denoted by red squares and mobiles by filled circles with Xi = o (33)
o0

| ()

their color giving their soft handoff state. Red shows no coverage,
green the one-way soft handoff region, blue the two-way soft handeifhere the factor of proportionality., defines the pole capac-

region, and yellow the three-way soft handoff region. The area showg_ It is convenient to write Eq. (33) in the form
is 16 km x 16 km and the distance between the base stations is

km. The pilot power is 1 W and the maximum base-station transmit 1 Ngps N n
power 11 W. — X = () () 34
Nps ; i NpBs ) \neo (34)

capacity. Note the slightly reduced two- and three-way sofhe soft-handoff factor; measures the channel overhead due
handoff regions in the composite and pilot plots. to soft handoff and is given by

The effect of cell breathing is illustrated in Fig. 8, which Nps
shows the coverage areas for the three-site cluster without the = 1 Z N, (35)
HTS front ends when there are 91 users present. Clearly, the N P '

reverse and forward coverage areas are smaller than those with . .
the HTS front ends and 91 users, shown in Fig. 7. The pilGPr & wide range of values of carried traffic the ration /no
coverage area is less sensitive to the number of users wiHndependent ofV, and we can approximate

the exception that the two and three-way soft handoff regions A n
have shrunk. A <N33> <noo> (36)

) . Here, the average cell loadingyk = (Xj). In mean-field
C. Network Planning and Capacity theory, the above definition ofi., reduces to Eq. (8), for

The capacity utilization of the network is determined by = 1.
the distance between base stations and the propagation lossVe note in passing that random variabl¥s 1/n.., andn
Frequently, the capacity utilization can be increased by sere approximately Gaussian distributed and exhibit a variable
torization and cell splitting. We have shown that reducing ttdegree of cross-correlation. Whileand1/n., are moderately
system noise factor will lead to a similar result but that thisegatively correlated withV, the ration/n., shows only a
improvement is sensitive to the cell loading that the netwodmall amount of correlation witlv. Thus, for the considered
is designed for. Here the case is considered in which thieee-site network, Eq. (36) is well obeyed with/n..)~!
location of base stations is constrained. Similar constrains magual to 50.8. Furthermore, fot, = 54E, (n) = 1.24 and
be imposed on the antenna height, forcing the network to haile'n..)~! = 63.4.
a particular loading threshold. In contrast, the mean-field approach postulates a Poisson
The capacity utilization of the cluster network and theistributed traffic load and useg = 1. If all arriving calls
capacity increase due to the HTS front end is strongly inflwere admitted to the network and no calls were dropped,
enced by the loading threshold, which is a function of basthe numerically obtained traffic distribution would be Poisson
station antenna height. As the antenna height is increased, disributed as well. However, the adopted call admission policy
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120 where z is a Gaussian random process with zero mean and

unit standard deviation [13]. The mean and standard deviation
of the noise figure NF' = 101g F', are (NF) = 101g F, and
ONF = IOJF/IH 10.

Two limiting scenarios are concidered where the time
scale of x is either slow or fast relative to the reverse-
40 | link power control. In the former case, the system follows
I adiabatically the noise-factor fluctuations so that the network
always maintains an equilibrium state. While the quality of
0 ‘ ‘ ‘ ‘ ‘ service, as measured by the link quality, is not affected by
0.0 0.2 04 06 08 10 slow noise-factor fluctuations, the probability of dropped calls
Loading Threshold X can increase drastically, because all mobile users associated
80 with a given base station are collectively affected by these
fluctuations resulting in occasional large coverage holes. In
the latter case, noise-factor fluctuations are too fast for the
power control to follow. This causes an additional broadening
of the reverse-linkE}, /N,, because mobile users effectively
follow the average value of' /I due to slow power control.

In order to maintain the same level of quality of service, the
target value off, /N, must be increased when the network is
exposed to fast IMD fluctuations.

‘ 30 First, consider an isolated omnidirectional cell serving ran-
0.0 02 04 0.6 08 1.0 domly distributed mobile users in close proximity to the

Loading Threshold X, base station so that the link reliability is not limited by the

maximum handset transmit power. Thus, in this scenario, there

Fig. 9. (a) The average carried traffi¢ as a function of the loading are no dropped calls. As an initial design principle, the offered
threshold X, for the base-station receiver noise figu¥#' = 2dB  traffic is chosen so that the blocking probability286 when

(blue circles) and 5 dB (red squares) and (b) the correspondi : : 1A _
capacity increaseAX/X, and the base-station antenna height {fere is no IMD noise, yieldingl, = 21E. In the presence of

a function of X,. Quantitative numerical values of and AX/X ali/lD noise, the blocking probability is calculated by numerical
are computed by simulation fdB.s = 2% and their corresponding Simulation and from Eq. (24) for a cell loading such that
analytical values are obtained from Eq. (27) Br= 2%, o, =

1.5dB, &€ = 0.095, and ¢’ = 0.029 [12]. Simulation results are A=A,]1-B(X)], (38)
denoted by symbols and analytical predictions by lines.

100

80

60

Carried Traffic A (E)

20 r

250

(b) |

200

ANF =-3dB

150 60

100 50

Capacity Increase (%)
BS Antenna Height (m)

50 40

where the carried traffic isd = Xn.,. Numerically and
analytically obtained blocking probabilities are compared in
changes the carried traffic distribution to one that is bett&ig. 10(a), which shows a good agreement both for slow and
described as Gaussian with a standard deviation about $ast IMD fluctuations. As the standard deviation of IMD noise
smaller thanv/A. To account for the increased due to increases, the probability of blocking a new call increases
the modified traffic distribution, we increase the analyticappidly reducing the capacity of a cell.
pole capacity 9%. Thus, in the analytical mean-field theory, Fig. 10(b) shows both the analytically and numerically
ne = 63.4, for £ = 0.095. This correction does not affect thecalculated power-control accuracies, which are defined as the
capacity increase estimates. standard deviation of the reverse-lifk/N,. While slow IMD
The numerical and analytical results on the capacity incred#gctuations have no effect on the accuracy of power control,
due to the HTS front end are in good agreement, addifest IMD fluctuations reduce the accuracy because of the time
confidence to our conclusions. At high loading thresholecale difference. The effect of fast IMD fluctuations on the
valuesX,, the simulation predicts a smaller capacity increag@wwer-control accuracy can be estimated by noting that the
because of the increased forward multi-user interference atdndard variance o /N, is a sum of the intrinsic variance
because the carried traffic is large enough for hard blocking and the standard variance; of the total interference,
to occur more often. These effects are also neglected in the. (19):
analytical treatment. o2 = 03 4 g} (39)

. . For A > 1, o7 is same as the standard deviation of the
D. Effect of IMD Noise on Network Properties interference variable

We conclude this section by examining the effect of IMD

2
noise on the blocking and dropped-call probabilities. We zr =1In X€U°/2+(1—X)€U”}- (40)
assume that the noise factor of the base-station receiver is i ) ) _
a lognormal random process: where the multi-user interference is replaced by its average

value. Foror < 1 (onr < 4dB), an asymptotic estimate for
F = F060F$7 (37)
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Fig. 10. (a) The blocking probability and (b) the reverse power-control ) -

accuracy, as measured by the standard deviation of the receiféy 11 (&) The blocking probability and (b) the dropped-call
E,/N,, as a function of the standard deviation of the IMD prqbablllty as a funct!on of the sta_n(_jard_ deviationr of the IMD _
noise for one isolated omnidirectional cell. The propagation loss 9ise for a network with three omnidirectional cells. The propagation
given by the CCIR model, the offered traffic i4, = 21E, the loss is given by the CCIR model, the offered traffchs_: 54 E,_
loading thresholdX, = 0.5, the average base-station receiver noisire loading threshold¥, = 0.5, the average base-stz/mon receiver
figure (o) = 5dB, ando, = 1.5dB. Simulation and analytical NOise figur&(NF") = 5dB, o, = 1.5dB, £ = 0.095, and¢’ = 0.029.
results for slow IMD fluctuations are shown by filled diamonds angiMmulation and analytical results for slow IMD fluctuations are shown

the black line and for fast IMD fluctuations by open diamonds a filled diamonds and the black line and for fast IMD fluctuations
the dashed line. by open diamonds and the dashed line.

o7 can be derived where . . . . .
Next, the three-site cluster previously introduced in Section

o1 = op <1+ X egg/g> 1. (41 V.B. is exposed to IMD noise, described by Eq. (37). The
1-X results are summarized in Fig. 11 for a reverse-link call
This formula is also exact for anyz, when X = 0 or 1. admission policy withX, = 0.5 and forA, = 54 E. Even with
Thus, as the time scale of IMD fluctuations shortens, tfigultiple cells and soft handoff, the numerical and analytical
standard deviation OEb/No increasesand the accuracy of bIocking probabilities are in fair agreement. Slow IMD fluc-
power control decreases. tuations cause the main deviation in the blocking probability
With IMD fluctuations, the probability distribution of re- through the increased number of dropped calls, because the
ceived power levelsC' at a base-station receiver is alsdetwork is designed for a particular user distribution and
lognormal. In contrast to the reverse-link,/N,, however, capacity assuming that no IMD noise exists. The network is
the standard deviation afi(C'/N;,) decreasesvhen the time less sensitive to fast IMD fluctuations, as demonstrated by the
scale of IMD fluctuations shortens. For slow IMD fluctuationd®ow dropped-call probability; see Fig. 11(b).
the standard deviation dfh(C/Ny,) is /o2 + o%. For fast  Finally, assume that no call admission policy on the reverse
IMD fluctuations,C' is decoupled from the instantaneous noisénk has been implemented by settikg, = 1. This scenario is
factor and depends only on its average value. Therefore, fhequently encountered in practice where networks base their
standard deviation dfa(C/Ni,) is reduced approximately to admission of arriving calls only on the availability of forward-
o,. This phenomenon where the fluctuations in the receivéidk resources. We further assume that the standard deviation
power levels is reduced to its intrinsic value in the limit of fastf IMD noise is fixed tooyr = 2.2dB but that the offered
IMD fluctuations is similar to “motional narrowing” observedtraffic is varied. We consider three types of networks: ones
in many physical systems where external fluctuations are tanose base-station receivers are exposed to IMD noise and
fast for a system under consideration to follow [14]. have NF' = 5dB, those ones with receivers that are able to
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®) Fig. 13. The reverse power-control accuracy, as measured by the
standard deviation of the receivel,/N,, as a function of the
offered trafficA, for a network with three omnidirectional cells. The
propagation loss is given by the CCIR model, the loading threshold
X, = 1, the average base-station receiver noise figi¥e) = 5dB,

onr = 2dB, ando, = 1.5dB. Simulation and analytical results for
slow IMD fluctuations are shown by filled diamonds and the black
line and for fast IMD fluctuations by open diamonds and the dashed

Dropped-Call Probability (%)

2 line.
0
0 20 40 60 80 100 120 140 dropped-call probability i€ %, we can conclude from Fig. 12
Offered Traffic A, (E) that, in this particular example, the capacity of the network

utilizing sensitive and selective base-station receivers charac-
Fig. 12. (a) The blocking probability and (b) the dropped-calf€fzed byNF"=2dB andoyp = 0is 105 E. In the presence
probability as a function of the offered traffid, for a network Of IMD noise the capacity is only 15 to 42 E, depending on the
with three omnidirectional cells. The propagation loss is given by thiine scale of IMD fluctuations. The capacity increase due to
CCIR model, the loading threshold, = 1, ando, = 1.5dB. Shown selectivity and sensitivity ranges from 150 % to 600 %. If the

are simulation results for slow IMD fluctuations wittVF") = 5dB aceiver is only selective but not sensitive so that — 5dB
and onr = 2dB (black diamonds), for fast IMD fluctuations with y

(NF) = 5dB andor — 2dB (open diamonds), fofNF) — 5 dB and oy = 0, the capacity of the network is 73 E. This
andonr = 0 (red squares), and fofNF) = 2dB andone = 0 COrresponds to a 74 % to 390 % increase in the capacity relative
(blue circles). to the nonselective base-station receivers in the presence of
IMD noise. In the absent of IMD noise, a 3-dB decrease in
the base-station noise figure will approximately increase the
eliminate IMD noise but still havéVF" = 5dB, and lastly ones capacity utilization byi4 %.
whose receivers are so selective and sensitive that the IMDAN interesting aspect of the three-cell network analyzed in
noise is absent andVF = 2dB. As Fig. 12 demonstrates,Fig. 12 is that the effect of IMD noise on the accuracy of
the capacity and the quality of service of the network areverse-link power control is obtained using Egs. (39) and (41).
improved by both eliminating the IMD noise and reducing thAs is apparent in Fig. 13, the analytical theory quantitatively
noise figure 3 dB. explains the numerical simulation results for slow and fast
Either the blocking probability or the dropped-call probaMD noise fluctuations. Thus, the adverse impact of imperfect
bility can be used to define the network capacity. The effectip@wer control on the quality of service and the capacity
blocking probability, Eq. (32), is a particularly weightedttilization can be determined.
measure of the quality of service and is suitable for this pur- We conclude this section by noting that because the reverse
pose. Ideally, in networks that use well-defined call admissidifik of certain third generation systems is conceptually similar
policies to maintain an adequate quality of service, calls &i@that of 1S-95, our findings should apply to these systems as
dropped only rarely and the blocking probability is used teell. The accuracy of power control in the presence of IMD
define the capacity of a network. Here, however, existing callise is one relevant example with important implications for
are being dropped before the blocking probability starts to iRy spread-spectrum system.
crease, and the effective blocking probability is approximately
same as the dropped-call probability. Note that mobile users
unable to connect to the network because of either insufficient
reverse or forward transmit power are accounted as blockedn this section, we extend our analysis to discuss
calls. CDMA2000 modes of 1S-2000 and I1S-856. We begin with
Defining the capacity as the offered traffic for which tha brief review of the features of the CDMA2000 protocol

VI. CDMA2000
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that enter in determining the effects of an HTS front end dhe data activity factora,; is estimated to be small [19].
network performance. Given distinct targett;, /N, values for all four channels, four
Third generation wireless communications aim towards irquations are obtained:
creased data rates and a wide variety of services [15]. As cn
an evolutionary implementation of current 1S-95 air interface Kk =T, (k = pv,pd,v,d) (43)
technology, CDMA2000 is designed to provide data rates that ) . i
meet the IMT-2000 performance requirements of at least 144'€re the normalized dimensionless data rates are
kb/s in a vehicular environment, 384 kb/s in a pedestrian Gl
environment, and 2.048 Mb/s in an indoor office environment. Rk = w
The CDMAZ2000 air interface has two interoperable mod _ ; - -
that are optimized either for voice and medium data speeﬁ% Ryv, Bpa = W Solving these equations for, we obtain
or for high speed data and internet access. The first mode e = FN; Kk
of operation has two phases. Phase one, known as 1S-2000 ’ 1-X’
IXRTT, enables 144 kb/s paCket data in a mobile enVirOﬂm%ﬁere the cell |oading factor is genera”zed to
and is based on existing spectrum allocations with 1.25 MHz n m
carriers. Phase two (3xRTT) will initially support a 5 MHz X=—4—. (46)
channel bandwidth with a chip rate of 3.6864 Mc/s. Moo Moo
The second mode of CDMA2000, known as 1xEV, is basedkere, the pole capacities for the voice and the data have the
on the evolution of the 1XRTT air interference standard andfisrm

(k= pv,pd,v,d) (44)

(k= pv,pd,v,d) (45)

designed for high-rate packet data. It compromises two phases 1

utilizing channels of 1.25 MHz wide. Phase one (1xEV-DO), noo:m7 (47a)
specified in 1S-856, offers packed-data-only service capable of v 1 Y

transmitting at a data rate that varies from 38.4 kb/s to 2.4576 (47b)

Moo=——"——""7-"
MbJs in the forward link and from 9.6 kb/s to 153.6 kb/s in (1 +8)Ka
the reverse link. Phase two (1XEV-DV) supports mixed voioghere K, = &, + £y, and Kq = kq + kpq. The users must

and data and is currently under development. therefore transmit so that the received powef,= c,i, + i
(k = v, d), at the base-station receiver for each voike=(v)
A. 1xXRTT and data £ = d) user is
Here, we consider the reverse link of 1S-2000 1xRTT [16], K,
[17]. Specifically, the reverse link is assumed to support a pilot Co = FNin 1- X’ (482)
channel and a traffic channel. The reverse traffic channel may Ky
be mapped to a fundamental channel for voice (datalzajer Ca = FNi“ﬂ' (48D)

o a variable-rate supplemental channel for data (datatate These formulas form the basis for the subsequent analysis.

i h licati h . Multi . :
depending on the application requested by the user. Multipat n general, coherent detection of voice and data lowers

propagation in time dispersive radio environments leads tr?e required bit energy-to-noise spectral density by about 3

co-channel interference even within the same cell: multipath for the same bit error rate [7]. As data rates increase
from the same source interfere with each other. Assuming % - . . . . '
ditional improvements in the performance are possible due

. . .. . . al
maximal ratio combining of paths with equal power fractlonﬁb more efficient interleaving and forward error-correcting cod
the total interference for voice users anadn data users per . - gand I 9
cell is ing. However, estimation errors in the communication channel

conditions lead to a performance loss when compared to ideal
I =(14¢&)[n(appcpy + aacy) + m(apacpa + @acq)) + FNin.  coherent demodulation of the information signal [20], [21].
(42) Furthermore, an additional performance reduction results from
Herec,,, cpd, ¢y, andc, are the received power levels for thethe need to allocate a part of the total signal power to the pilot
pilot, fundamental, and supplemental channels, respectivetilannel. This reduction in the voice performance is described
If a gated mode of operation is selected where certain powsr an overhead factor ofl + p,), wherep, = kp, /K, IS
control groups are periodically gated off [17], [18], the tranghe ratio of the pilot power to the voice power. Theoretical
mit duty cycle can be less than 100 % an'd are the activity studies [21] show that, ~ 1/4 is an optimal power ratio, for
factors of their respective channels. If the transmit duty cycl, = 9.6 kb/s. In this case, the pilot overhead is approximately
is 100 % but the gain factor of each channel is varied [&F, 1 dB. A similar overhead factor is associated with the data
are the mean gain values characteristic to the particular senviadfic channel. The pilot overhead decreases as the data rate
(0 < ay < 1). Because our conclusions are independent of tirereases. Ifp; = kpq/kq IS kept constant, more power is
particular mode of operation, without loss of generality, thallocated to the pilot channel at higher data rates improving
gated mode is considered in the following, and the pilot arthe communication channel estimate. On the other hand, if
traffic channels are assumed to have the same transmissignis kept constant, the power raiig decreases reducing the
duty cycles:ay, = a, andayy = ag. pilot overhead factor. Below, we choose to kegpconstant
While the utilization of the reverse link is applicationand equal tg, even though the optimal value pf decreases
dependent, for the World Wide Web and Electronic Maikeducing the overhead factor as the data Ffateincreases.
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1) Existing 1S-2000 1xRTT NetworkVe begin by consid- 1000
ering the performance benefit that is brought by reducing the
effective noise factor of the base-station receiver in an already
existing 1S-2000 network with a given loading threshdig.

The coverage considerations limit the generalized cell loading
to values such thak < X,.

(7) Constant Data RateR,. First, for a fixed data rate
R4, the capacity increase is identical to the form obtained
for the 1S-95 network: only the generalized loading factor,
Eq. (46), is used in the capacity-increase formula, Eq. (10).
Thus, the realationship between the capacity utilization, the 1
loading threshold, and the noise factor is just that shown 0.0 0.2 0.4 06 0.8 1.0
in Fig. 1. However, in this case, the capacity increase is Distance Il

allocated to voice and data users in a manner such tf;at 14. The data rates with (blue line) and without (red line) an HTS
_ ; ig. 14.

AX‘? = An/no + Am/moo remains constant. front end as a function of distance for the noise factor improvement

(i4) Unconstrained Voice Coverage Are8econd, we eX- of F/F' = 2 and~ = 4. The data throughput per base station is

amine the peak data throughputR,; per base station without constant.
constraining the breathing of the voice coverage area. How-

ever, the number of voice users is held at a certain limitin o ) )
value, which may be zero. This type of scenario would ari factor of two reduction in the noise factor will double the
naturally where the cells are serving voice users that d&f@ta rate under these conditions. ForS 1, which may occur
concentrated close to the base stations. For simplicity, W& Circuit-switched data or when data traffic is high, the data-
assume here either that the data rates are high enough so &t Increase is

pq < 1 or that the pilot overhead is independent of the data ARy AF <1 — Xo>

No HTS
100 ¢

HTS

Data Rate R'¢/Rq
=
o

rate. A natural measure of the data throughput is given by Ry F
the ratio of the data throughpumi R, to the limiting pole data
throughputm, R4, giving the throughput factob = m/m..
For a fixed data coverage area, we obtain

. (52)
Thus, the increase in the data rate is small regardless of
the noise-factor improvement, because the cell loading must
necessarily be high¥X, ~ 1.

AD F'R)\ 1-X, Typically, high data rates and throughputs are limited to
D - ( " FR ) D (49) users who are in close proximity to the base station. For
d . . . . .

instance, if¢ is the radius of the base station amt) the
where AD = D’ — D is the change in the data throughputiata rate transmitted from a user at this radius, the change in
when the noise factor and the data rate are changed fomthe data throughput for a user at radidissending at a data
and R to ' and R);. For I, = Ry, it reduces to Eq. (10). If rate R/, is
the new, higher data rate is allocated according to the relation, LNy
R!, = Rq4(F/F"), the data throughput will remain the same AD _ [1 _ Ry (Z) } 1- X". (53)
even though the data rate is increasedryF’. For example, D Ry \ £ D
reducing the noise factor by a factor of 2 will double theiere v is the propagation exponent. Thus as the data rate
available data rate while keeping the throughput fadir increases, if one wants to ke@pconstant, the data-rate radius
constant. Alternatively, a part of the benefit originating frorshrinks as
the lower noise factor could be allocated to the data throughput ¢ (Rq xa 54
by choosing to increase the data rate by a smaller amount. Note v <Rji> ' (54)

that, as the cell loading approaches unity, the increase in @& example, if the propagation exponent= 4 and the data

da;a thrOUchplit becc_)n;es neg“%'r?le' dioi h drateRji is increased oveR, by a factor of 10, ther’ would
N important special case 1S Iné need fo Increase the reduced fron? by of order 44%. However, if the noise

rat_e th”? n;cn_ntalndmg tg?c;f,mlﬁ ngnlber tOf .da.ta users.dlfbt ctor F' is reduced by the insertion of an HTS filter giving a
noise factorF' is reduce , the data rate is increased by, i tactore”. then

ARRd T (Azf> ;_—X (50) v (FRd )1/7 (55)
d D+ (1-X,) ¢ O\F'Ry)
If F'/F" =4 (6 dB), the radiug’ for a 10 fold increase in the

. , , ,
where ARy = R, — Ry is the absolute increase in the datqaia rate will shrink by only 20 %. The data-rate dependence
rate andAF = F’ — F' is the absolute reduction in the noisg,, 1he distance is illustrated fdf/F' = 2 in Fig. 14.

factor. ForD <« 1, which describes packet-switched data or
low traffic conditions, the data-rate increase becomes

(7i7) Constrained Voice Coverage Areghird, consider the
benefit of HTS filtering on the data throughput while maintain-
ARy AF ing the voice coverage constant. In the previous sectign (

R, I’ (51)  there were no limitations to the cell breathing set for voice.
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Here we assume that there is a fixed number of voice and dat: ~ 2%°
users on the network such that, = «, (1 + ) K,n < X,, '
where X, accounts for the interference contribution from
voice channels. The network is designed so that the minimum
cell radius/, is obtained for the loading factor of, when
all users transmit voice. The maximum available data rate,
which is assumed to be the same for all users transmitting
data, is determined by the constraiXif = X, + D, where the 50
throughput factorD = a4(1 + &) Kmaxm coincides with our
earlier definition. Therefore, the normalized maximum data 0 P I IR SR
rate Kiax = (1 + pa)Ca Ry /W is 0.0 0.2 0.4 0.6 0.8 1.0

Ky = K, X, Xv’ (56) Distance I/,

Dy Fig. 15. The data rate?, with (blue line) and without (red line) an
where D, = a4(1 + £)K,m is the throughput factor when HTS front end as a function of distance for 16 voice and 12 data users.
data users transmit at a rate &f,. This data rate may not The noise,factor improvement due to the HTS front end is assumed
be accessible everywhere in the cell because of the limit@gPe £'/F” = 2 andy = 4. The other parameters aré, = 0.5,

. . v = 0.5, ag = 0.25, £ = 0.55, py, = pa = 1/4, (, = 4dB, and
handset transmit power. Indeed, users beyond the radius ?d _ 1dB,?/?eIding Xf: 0.3 ancI:I)Dv :1706.056./ ¢

HTS
™~

=

[

o
T

100 |
No HTS \

Data Rate (kb/s)

1/~
by =1, ( Ko > (57)
Kmax As an example, consider a network designedXgr= 0.5,
must transmit at a lower rate. Fér> /4, this rate is and assume that there are 12 voice and 2 data users. Then,

1- X, D, = 0.06 and X, = 0.25, and the differenceX, — X, is

Ko = K,y I\ (58)  available for data. Herg = 0.55, {, =4dB, {; = 1dB, and

D,+(1-X,) (€> p, = 1/4. In this case, ifF/F’ = 2, the data rate is more
o

than doubled close to the base statiér<(¢/;) and increased
The maximum data rat&’,,,, is only available for users at apy approximately 81 % at the cell edge; see Fig. 15.
radius¢ < ¢4 from the base station. _ _ 2) 1S-2000 1XRTT Overlay on an 1S-95 Networkhe
If the noise factorF" is reduced toF” by introducing an migration from 1S-95 to 1S-2000 using existing base stations
HTS front end, the maximum available data rate is increaspdaffected by new targek, /N, values. Currently, in 1S-95,
by ¢, ~ 7dB is a typical value, yielding< ~ —14dB, for R, =
ARmax __AF (1 — XO) 7 (59) 9-6kb/s. While it remains to be seen what the actual operating

Kmax F D systems can achieve, present estimates suggest that new coding
where AK oy = K/, — Kmax. Similarly, there is a finite and use of the pilot channel for coherent demodulation will
radius within which this rate is supported: reduce the required value df, by of order 3 to 4 dB. For

L/ (v = 4 dB, k, is decreased to -17 dB. Fagr, = 1/4,
.y ( K, ) _ (60) the reverse pilot-channel overhead is 1 dB. Thus, in I1S-2000,
=" \K! . K, ~ —16dB. This estimate implies that the loading factor

would increase for voice traffic by migrating from 1S-95 to IS-
2000 alone. Note that the enhanced reverse link will increase
the pole capacity and the voice capacity utilization. However,
the forward-link pole capacity is expected to increase even

K — K 1-X, . (61) more because of such improvements as fast power control,

¢ ! F' ( 14 >7 dynamic soft handoff, and transmit diversity [16].
Dy, +—=(1-X,) | —
F Ly

The data throughput increase is linearly proportional to the 1xEV-DO
data rate increasd?’ /D = K/,/K4 = R!,/Rq.

The requirement of a fixed number of data usergan be
relaxed when all data users are within the radifysin this
case, the transmit power available for the voice channel is t
limiting factor rather than that of the data users. Under theg
conditions, Eq. (59) can be generalized to a form where boé
the number of data users and rate are variable:

Note that¢, < ¢4, for F < F. Because of the limited
available handset transmit power, for> ¢/, the accessible
data rate for the user is reduced frdij,, . to

1XEV-DO is a high rate packet data system which is a
part of the CDMA2000 family of air interface specifications
22]. It has a coherent reverse link whose physical channels
fe orthogonalized by Walsh functions. The reverse channel

ucture consists of the access channel and the reverse traffic
annel. They both have a pilot channel. In addition to the
pilot channel, the reverse traffic channel has a reverse rate
AD — _E(l —X,). (62) indicator (RRI) channel, a data rate control (DRC) channel,
F an acknowledgement (ACK) channel, and a data channel. The
Note that here a data throughput increase is obtained foRRI information is time-division multiplexed with the pilot
fixed voice coverage area. channel on the same Walsh function and transmitted at the
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Fig. 17. The probability distribution function of the data rate increase
caused by a noise-factor improvementgf ' = 2 (3 dB) due to
the HTS front. Here X, = 0.5, £/¢, = 0.9, Aq = 10, aq = 0.1,

Fig. 16. Part of a 1xEV-DO network where the reverse-link commu@nd~y = 4.
nication is scheduled so that only one user per cell transmits data at
any given time. The user of interest is located at a distanfrem
its intended base station, shown by a square; the distance betwigage station from the user of interest transmitting data with the
that base station and thth user in a surrounding cell is denoted byrateRd such thatsy = (4Ra/W. C(£;) is the received power
lgvioi(;sjnléizs:t.rilbat;jhe number of users in each surrounding cell '3t the same base station from tit user in a surrounding

' cell and the number of usera per cell sending data packets

is Poisson distributed with the average valueAgf In order

same power. Because the processing gains of the RRI, DFQ@,maximize their data throughput, all users are transmitting
and ACK channels are large relative to the data channel, @efull power. If the 1xEV-DO network is overlayed on an
gain of the data channel relative to the other channels m@xisting 1S-95 network with a cell radius d@f, and loading

also be large for high data rates. factor X,, the received powe€'(¢) is
Because the forward link is designed to maximize the data 2\
throughput, the base station transmits data at full power to a ci) =0, (Z) : (64)
single mobile user at any given time. While, in principle, the
reverse link could also follow time-division scheduling, in thévith K
following, we assume that code-division scheduling is adopted C, = FNmﬁ. (65)

for the reverse link. Specifically, we consider the peak data rate
that is available to a single user located at a distahfrem Assuming a uniform distribution of users in the surrounding
the base station in its cell. The cell is in the middle of a largeglls, e A
network, as shown in Fig. 16. The number of users in each of Zmic(&» =C, *d~d

the surrounding cells is assumed to be Poisson distributed and P v—2’
these users are assumed to transmit at full power in an ¥Ptollows from Eq. (63) that the average data rate can be
portunistic scheduling fashion. User sessions generate bu%%roximated as

traffic characterized by packet calls that consist of sever

data packets [19], [23]. Intermittent packet transmissions are (4 7 1 67)
modeled as a dichotomic Markov processwhere the data aT\7 L\ 2044; 1-X,°

activity factor oy is the probability that a packet is being (g) Tt TR
gi;:;;‘:;?dmgst;];:%,ufsist;zss?g,lemduellttﬁnzgglizsrviss,wj% Iow?ring the noise figure of the base-station receiver from
electronic mail with multimedia attachments (image, soun ,to F', the data rate increases 1o

(66)

video). Each service class has its own characteristic reverse- ,  (4,\” 1 68
link data activity factor. Fa=\7 0\ 20444 1—-X,F' (68)
The reverse peak data rate available for the user of interest (g) T v —2 K F
is given b
g y Thus, the HTS front end delivers a performance benefit
c)
= — Ko, 63 ! F\ 1+A
SRS SRYe AR T o (7). (©9)
d _
wherer, = ), x; takes into account the RRI, DRC, ACK, 1+ AF’

and pilot channels. Here we assume that either the data raiggere
are large enough so that, > k, or k, is included inky4 as A~ 0L\ 20444 K 70
a constant overhead factar.(¢) is the received power at the “(\r y—-211-X, (70)




SUPERCONDUCTOR TECHNOLOGIES INC. 17

1000 100
g 80
2 2
o]
S S 60 f
[} o
§ 100 E
© [ K] 40
] o
fa) =
S 20t
lO L L L L L 0
0.0 0.2 0.4 0.6 0.8 1.0 0 20 40 60 80 100
Distance I, Average Number of Users/Cell

Fig. 18. The average data rates with (blue line) and without (red lin&jg- 19. The data-rate increase for a single user as a function of

HTS front end as a function of distance relative to the cell radius average number of users per cdll in the surrounding cells for a

for X, = 0.5. The noise factor improvement due to the HTS fronfoise-factor improvement of / F’ = 2 (3 dB) due to the HTS front.

end is assumed to bE/F’ =2, Ay = 10, aq = 0.1, andy = 4. Here, X, = 0.5, £/¢, = 0.9, aq = 0.1, andy = 4. The number of
users is Poisson distributed.

For a user close to the cell boundafyy> ¢,, andag(m) < 1,
the parameteA < 1 andx);/kq ~ F/F". in a cell arrive at the base station receiver at the same
As an example, letX, = 0.5, v = 4, and/ = 0.9¢,. The power level. The carrier signals from mobiles in other cells
analytical result, Eq. (69), predicts that the peak data rateake treated by multiplying this same power level by a reuse
increased by a factor of 1.72 for a noise-factor improvemef&ctor. In addition, the propagation characteristic of a cell are
of F/F' = 2. By a numerical simulation, with the same pamodeled by a propagation exponent Within this model,
rameters and using 2000 random samples for the surroundi#g examined the relationship between the cell gizend the
user locations, the average data-rate increase faelgr,) is loading factorX, as well as data rate and loading, focusing
found to be 1.74. The histogram of the data-rate increases how the receiver noise factdr entered these relations.
shown in Fig. 17. The probability of increasing the data rai® general, such relationships are model-dependent, however
more than 80% is 85% in this case. The average data raliegre are several results which have a more universal form and
as a function of the radius from the base station based on tike the measurement ah F* should be robust. In particular,
same simulation are shown in Fig. 18. As the distance from ttie relative increase in loading threshaldX, /X, given by
base station decreases, the non-orthogonality factor is likelyd. (10) is such a relation. If the noise factorof the existing
decrease. Our simulation result would therefore underestimBgse-station receiver is known, a measurement of the change
the benefit of HTS front ends close to the base station. Finaliy, handset power of a mobile when the HTS-LNA front end
the data-rate increase is shown in Fig. 19 as a function of tiseinserted along withX, should provide a direct measure
average number of users per cell in the surrounding cells. Ev@nthe relative increase in cell loadiny X, /X, that can be
for Ay = 40, the peak data rate increases by 60% when taghieved. This, of course, assumes that the factor limiting

noise factor is halved. network performance is associated with the reverse link.
We have also extended the mean-field analysis to discuss
VIl. FINAL REMARKS CDMA2000 modes 1xRTT and 1xEV-DO and found similar

Superconducting (HTS) filters and cryocooled low-noiséProvements. In particular, the ratio of the change in the
amplifiers (LNA) provide new base-station receiver hardwaftata throughpuAD to the existing through-pud given by
with enhanced out-of-band interference protection and iF9- (49) is a robust prediction and depends only upof,
band amplification with exceptionally low degradation of théhe data rates?; and i, and the cell loading¥,. Likewise,
in-band signal-to-noise ratio. Here we have investigated tHe maximum available data rate increase given by Eq. (59)
benefits that this technology brings to the reverse link fepends directly of\F” and the voice and total loadings,
wireless CDMA networks. The key parameter characterizir@f!d Xo.
this benefit is the reduction in the effective noise factof In typical reverse-link limited situationsX(, ~ 0.5), a
of the base-station receiver when the HTS-LNA front end-dB decrease in the base-station receiver noise figure will
replaces the conventional front end. A direct measure @pproximately increase voice capacity utilization by 50 % and
AF is the dB reduction in handset transmit power when thacket data rates by 100 %. Additional benefits are increased
HTS-LNA front end is inserted. With other network factorgoverage efficiency or a reduction in the number of required
remaining constant, this change in the transmit power providegse stations. In out-of-band interference-limited situations,
a simple and robust measure of this important parameter. the reduction in the effective noise factor can be larger than 3

The mean-field analysis discussed in Section Il assumeslB leading to enhanced benefits from HTS filtering.
deterministic traffic load and perfect power control so that While many of the other mean-field predictions depend on
the reverse link signals transmitted from each mobile uséetails of the model such as the way in which the propaga-
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