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Dynamic Channel Allocation Techniques Using
Adaptive Modulation and Adaptive Antennas

Jonathan S. Blogh, Peter J. Cherriman, and Lajos Ha®enior Member, IEEE

Abstract—This contribution studies the impact of adaptive
guadrature amplitude modulation (AQAM) on network perfor-
mance when applied to a cellular network, using adaptive antennas
in conjunction with both fixed channel allocation (FCA) and lo-
cally distributed dynamic channel allocation (DCA) schemes.
The performance advantages of using adaptive modulation are
investigated in terms of the overall network performance, mean
transmitted power, and the average network throughput. Adaptive
modulation allowed an extra 51% of users to be supported by
an FCA 4-QAM network, while in conjunction with DCA, an
additional 54% user capacity was attained.

Index Terms—Adaptive antennas, adaptive modulation, adap-
tive arrays, beam-steering, DCA, dynamic channel allocation, .

. INTRODUCTION

; ; Fig. 1. Nearest-neighbor constraint for= 7 for the LOLIA showing the
YNAMIC channel allocation (DCA) schemes, in general(Eentral cellinwhich the user is located (black) and the neighboring cells (white),

offer substantially improved new call blocking, call dropin which the given channel may not be reused. However, the cells outside this
ping, and grade-of-service (GOS) performance, when compatediusion zone” (grey) may use this given channel.
to fixed channel allocation (FCA) algorithms. In previous work,
it was shown [1] that the locally optimized least interference al- Previous work [4], [5] focused on improving the network per-
gorithm (LOLIA), based upon the locally optimized DCA algoformance by using adaptive antennas at the base stations, and
rithms proposed by Priscadt al. ([2] and [3]) provided the best power control in both the up- and the down-links. This contri-
overall compromise in terms of network performance. bution builds upon this earlier work by the addition of adaptive
The LOLIA always assigns the least interfered channejuadrature amplitude modulation (AQAM) [6]-[8], as will be
which is not used within the nearestcells by another user, discussed in Section Ill. The paper is structured as follows. The
i.e., the LOLIA will select the channel with the lowest levehext two sections describe the principles behind adaptive an-
of interference, which is not used by the nearestells. tennas, AQAM, and power control. Section IV introduces our
Therefore, the higher the value of the greater the minimum simulation conditions, performance metrics, and the network
reuse distance and hence more calls are blocked since thgaemeters. Section V briefly characterizes the performance of
are less available channels, which are not used by the neage$tQAM-based benchmark network, before engaging in a more
n base stations. Fig. 1 shows the LOLIAs frequency reusketailed study of the results obtained using AQAM. Our conclu-
“exclusion zone” set to seven base stations, he= 7, and sions are summarized in Section VI.
illustrates how the six neighboring cells and the user’s current
cell form the “exclusion zone” of the channel used in the center 1. ADAPTIVE ANTENNAS
cell. Thus, unlike for the FCA algorithm, where the channel . . .
. . ) An adaptive antenna is constituted by an array of antenna ele-
allocations, and hence the reuse distances, are fixed, the reuse . .
X . i ments, whose relative phases and amplitudes can be controlled,
constraint of the LOLIA is based around a user’s current base ! : ) )
; f e -in_order to allow strong reception of signals from a given di-
station, and therefore “travels” with the user from base statign _. . R : . .
: o . rection, while attenuating interfering signals from other direc-
to base station, limiting the number of channels available for : ; X ; ;
) ) . . aE)ons [9]. Since a cellular network is typically interference lim-
allocation at the currently used base station. This dynamic . : . .
| éd, adaptive antennas, sited at cellular base stations, are ideally

located reuse constraint is removed, when the call is end%uited for application in this field [9]{12].

unlike in FCA where the fixed frequency reuse constraints ar€ .o that each mobile in the network. or within a certain ra-
ermanent. . . . - L

P dius of the base station, is uniquely identifiable, the so-called

sample matrix inversion (SMI) algorithm ([11], [13], and [14])
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long BPSK reference signal was assigned to the desired mobdg mitigating the effects of latency, frequency hopping was
irrespective of the AQAM mode used for the data transmissioshown to be a powerful countermeasure.
The remaining seven orthogonal eight-symbol BPSK referenceln this context, there are two dominant factors influencing the
signals were then assigned to the interfering mobiles, with the8®@AM system’s performance [19]. As expected, the channel
codes allocated to more than one mobile, if the number of iguality estimates delivered by the receiver to the remote
terferers was higher than seven. Thus, with the desired moliil@nsmitter, in order to instruct it as to the receiver’s perception
being uniquely identifiable, the receiver antenna weights optf the required AQAM mode for its next transmission burst are
mized for obtaining the maximum received SINR, may be catore up-to-date, when the Doppler frequency is low. This is
culated. a simple consequence of the slowly varying fading envelope.
The receiver antenna array weights calculated for use on tHewever, ironically, the buffering requirements are aggravated
up-link may not be suitable for the down-link due to the geneby low Doppler frequencies, since it takes a long time for the
ally uncorrelated up- and down-link channels of frequency dinobile to emerge from a deep fade, before it can deplete its
vision duplexing (FDD). However, using a feedback loop frorbuffer by invoking for example the high-rate 16-QAM mode.
the mobile to the base stations would allow the base stationlto[20], the mean squared error (MSE) at the output of the
use the down-link weights maximizing the SINR as proposed AQAM channel equalizer was found to be a reliable channel
[15] and [16]. This solution is also applicable to time divisiomuality measure, although the bit error rate (BER) estimate
duplexing (TDD). Furthermore, the required antenna weight$ the channel decoder can also be successfully employed
can be signaled jointly with the required AQAM modes. in this context. The signaling of the AQAM modes requires
only two bits per transmitted frame, but these bits have to be
strongly protected against corruption. We found that the best
channel codes for such short messages were constituted by
[ll. ADAPTIVE MODULATION AND POWER CONTROL simple repetition codes decoded with the aid of majority logic
decisions (MLD), which did not significantly impinge on the
The idea behind AQAM is to select a modulation mode a¢hroughput of the AQAM modem. These codes were designed
cording to the instantaneous radio channel quality [17]. Singe ensure that the AQAM mode signalling would reliably
most practical and performance aspects of AQAM were detailegerate under channel conditions, where the AQAM modem’s
in [17]-[20], due to lack of space here only a brief overview igarget integrity could be maintained. Again, readers interested
provided. Specifically, if the channel exhibits a high instantan further details on AQAM are referred to [17]-[20].
neous SINR, then a high order modulation mode may be em-The power control algorithm implemented attempted to
ployed by the adaptive modem, enabling the exploitation of thedependently adjust the mobile and base station transmit
temporarily high channel capacity. Likewise, if the channel hggwers, such that the up- and down-link SINRs were within
a low SINR, using a high order modulation mode would resudt given target SINR window. The employment of a target
in an unacceptable frame error rate (FER), and hence a morewindow avoided constantly increasing and decreasing the
bust but lower throughput modulation mode would be invoke¢tansmission powers, which could lead to potential power
Hence, AQAM not only combats the effects of a poor qualitgontrol instabilities within the network. Furthermore, the range
channel, but also attempts to maximize the throughput, whi possible transmission powers is analogous to an inherent
maintaining a given target FER. Thus, there is trade-off betwepower control error plus the slow fading envelope.
the mean FER and the data throughput, which is governed by the'he combination of power control with AQAM leads to sev-
modem mode switching thresholds. These switching thresholsial performance tradeoffs, which must be considered when de-
define the SINRs, at which the channel is considered unsuitablgning the power control and modulation-mode switching algo-
for a given modulation mode, where an alternative mode muithm. For example, the transmitted power could be minimized,
be invoked. which could result in either a high BER and a high throughput,
To elaborate a little further on the practical aspects @i alow FER and alow throughput. Alternatively, the FER could
burst-by-burst AQAM modems, the transceiver's implemere lowered, even at a high throughput, when tolerating high
tation has to satisfy the tighter specifications of the mostansmission powers.
demanding AQAM mode, say 16 QAM, in terms of clock- The power control and modulation mode switching algorithm
and carrier-recovery as well as channel equalization [17fvoked in our simulations attempted to minimize the trans-
This is the price paid for its robust, yet high-throughpunitted power, while maintaining a high throughput with a less
performance. In simple terms, the modem can be viewed asthan 5% target FER.
intelligent scheme, which momentarily drops the number of Fig. 2 shows the AQAM and power control decision tree when
bits per AQAM symbol transmitted in anticipation of a bursin the 4-QAM mode. The first step in the process is to determine
of transmission errors in the high-throughput mode. Hence, ttge lower of the up- and the down-link SINRs. The next step is
throughput is almost as high, as that of say the 16-QAM mode,determine, whether the BPSK modulation mode should be se-
while maintaining almost as high a robustness, as BPSK. Tleeted. The conditions for this to occur are that, either the lower
effects of co-channel interference on AQAM modems wel®INR is below the 4-QAM call-dropping threshold or that it is
detailed in [18], while the practical engineering aspects itelow the 4-QAM call-reallocation threshold and the maximum
latency- and buffering requirements, as well as the impact pbssible transmission power is currently used. If the lower SINR
various Doppler frequencies were studied in [19]. As a meaissbelow the 4-QAM call-reallocation threshold, or the SINR
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Fig. 2. AQAM mode and power control decision tree when in the 4-QAM

mode.
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of adaptive antenna arrays at the base station permits a higher
mean network data throughput.

However, if no beamforming is used, the multiple propaga-
tion paths would inflict a higher grade of intersymbol interfer-
ence (ISI), which would increase the mean square error (MSE)
at the output of the channel equalizer constituting the switching
criterion of the AQAM modem. Hence, without beamforming,
typically lower order modulation modes would be used due to
the increased amount of ISI. Under the assumption of low propa-
gation excess delay, predominantly narrowband Rayleigh fading
conditions would prevail, although the similar-delay multipath
components would exhibit different angle-of-arrival statistics,
and therefore the effects of beamforming are still beneficial in
terms of mitigating the multipath interference and hence en-
hancing the system’s performance. The above two phenomena
ultimately contribute toward the system’s bits per symbol (BPS)
throughput and enhance the received signal quality.

Let us now consider our simulation conditions.

IV. SIMULATION CONDITIONS
A. Performance Metrics

There are several metrics that can be used for quantifying
the performance or quality of service provided by a particular
channel allocation algorithm. The following performance met-
rics have been widely used in the literature and were also advo-
cated by [21].

» New call blocking probability” is defined as the proba-
bility that a new call is denied access to the network. This
may occur because there are no available channels at the
desired basestation, or the available channels are subject
to excessive interference.

« Call dropping or forced termination probabilit#?, or
Prr isthe probability that a call is forced to terminate pre-
maturely. This may be due to insufficient SINR, or there
are no available channels of suitable quality to handover
to on entering a new cell.

 Probability of low quality connectio®,, quantifying the
chances that either the uplink or downlink signal quality
is below the level (“reallocation SINR”) required by the
specific transceiver for maintaining a given target perfor-
mance.

 Probability of outage’,,; is defined as the probability that

is below the 4-QAM target SINR, and the maximum transmis-  the SINR value is below the threshold (“outage SINR”),
sion power has not been reached, then the transmit power is in- where the call is deemed to be in outage.
creased. However, if the SINR is below the 4-QAM target SINR « GOS was defined by [21] as

and the maximum possible transmit power is currently used,

then the modem remains in the 4-QAM mode. The 16-QAM  GOs= P{unsuccessful or low-quality call acceses
mode is chosen, if the SINR is higher than the 16-QAM target _ Plcallis blocked + P{call is admitted
SINR, plus the associated hysteresis. Alternatively, the 16-QAM : ) 2ot ) i
mode is invoked, if the SINR is higher than the 4-QAM target x P{low signal quality and call is admitt¢d

SINR plus the hysteresis, the transmission power required to =Pp+ (1 — Pg)Pow- Q)
obtain this SINR is not the maximum transmit power, and the

SINR is higher than the 16-QAM call-dropping SINR. How- A handover or handoff event occurs, when the quality of the
ever, if the SINR is below the 16-QAM call-dropping SINR orcommunications channel used degrades, and hence the call is
the maximum transmission power is in use, then the transrmeititched to a newly allocated channel. If the new channel be-
power is reduced to keep the SINR in the 4-QAM mode targkeings to the same base station, this is referred to as an intracell
SINR window. The improved SINR achieved through the udeandover. Generally an intracell handover is performed, when
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TABLE |
SIMULATION PARAMETERS

Parameter Value | Parameter Value
Noisefloor -104dBm || Multiple Access FDMA/TDMA
Frame duration 0.4615ms || Cell radius 218m
BS transmit power 10dBm || MS transmit power 10dBm
BS power control No || MS power control No
Number of basestations 49 || Handover hysteresis 2dB
Outage SINR threshold 17dB || Re-allocation SINR threshold 21dB
Modulation scheme 4QAM || Pathloss exponent -3.5
Number of timeslots 8 || Number of carriers 7
Average inter-call-time 300s | Max new-call queue-time 5s
Average call duration 60s || Reference signal modulation BPSK
Beamforiiing algorithm SMI || Reference signal length 8 bits
MS speed 30mph || Number of antenna elements 2,4&8
Pathloss at 1m reference point 0dB || Shadow fading No

the channel quality degrades due to co-channel interferencesionulation area to be replicated around itself. In other words,
in order to increase the system’s performance and capacity. tine mobile stations and their signals and interferences are
tercell handovers occur typically, when the mobile approach&srapped around” from one side of the network to the other.
the fringes of the cell area, and hence the signal strength #@r example, a mobile station in call which crosses the edge of
grades, requiring a handover to a nearer basestation. the network, re-enters the network on the diametric edge, while
For a network employing power control and adaptivnflicting CCI to all users which may be located at either edge
modulation, it is also beneficial to monitor the transmissioof the network.
powers used, and the proportion of time that each of theThree parameters were used to model the physical layer, the
modulation schemes is activated, thus allowing the averafgeitage SINR,” the “reallocation SINR” and the “target SINR.”
modem throughput to be determined. When the up- or down-link SINR for a given mobile drops below
the “reallocation SINR,” then the mobile requests a new phys-
ical channel to handover to, initiating an intra- or intercell han-
dover. If the signal quality drops below the “outage SINR,” then
A microcellular system, having the parameters defined an outage occurs. A prolonged outage leads to the call being
Table I, was simulated in order to investigate the performandeopped. The “target SINR” is the SINR to be maintained by
of adaptive antenna arrays in a system employing 4-QAM withe power control algorithm.
and without power control, and AQAM using power control, for The “reallocation SINR” and the “outage SINR” are defined
both FCA and LOLIA DCA schemes [2], [3]. The maximumas the average SINR’s necessary for a 5% and 10% transmis-
capacity of the system was limited through the use of eighkion frame error rate (FER), respectively, using a given modu-
timeslots and just seven carrier frequencies, in order to malation mode (BPSK, 4-QAM and 16-QAM). The SINR levels
tain an acceptable computational load. If a channel allocatiorcessary to obtain these FERs were evaluated via simulation
request for a new call could not be satisfied immediately, it w§a4] for each of the possible modulation modes over a nar-
queued for up to 5 s. If not serviced during this time periodpwband Rayleigh fading channel, for approximately half-rate
it was classed as blocked. The base stations comprising Bwse-Chaudhuri-Hocquenghem (BCH) codes, which employed
network were assumed to be synchronized, hence preseniimgrleaving over the different number of bits conveyed by the
perfect orthogonality between different timeslots. The catflifferent modem modes. The “target SINR” was chosen to max-
duration and intercall periods were Poisson-distributed [22inize the network capacity and represents an FER of approxi-
[23] with the mean values shown in Table I. The user activitjhately 2%.
rate was set fairly high, in order to expedite our simulations. Since a dropped call is less desirable from the user’s point of
The mobiles were free to move in fixed random directions, &tew than a blocked call, a handover queueing system (HQS)
a speed of 30 mi/h within the simulation area which consisteths employed. A HQS forms a queue of handover requests,
of 49 cells, each with a radius of 218 m. Simulating a “deserthich have precedence over new calls for network resources,
island”-type simulation area can result in the central celleence reducingthe number of dropped calls at the expense of the
experiencing harsher co-channel interference levels than thasev call blocking probability. An additional benefit of HQS is
at the edges of the simulation area, leading to overly optimistitat a user may be held in the handover queue, for a limited time,
network performance results. Thus, a tessellating rhomhiotil network resources are freed, thus increasing its chances of
simulation area of % 7 cells was used, in order to allow thea successful handover.

B. System Parameters
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The calculation of the receive antenna array weights was per 100

formed on a frame-by-frame basis, leading to updated up- an
down-link SINRs every frame. These SINR values were then
used to select the modulation mode and transmission power t___ 8¢
be employed, and to determine whether any channel re-alloce@
tion was necessary. Hence, frame-by-frame adaptive modulsg

90

tion, power control, and dynamic channel allocation was per- ¢ ¢

formed. &
The multipath propagation environment considered consiste(g 30
of a line-of-sight (LOS) ray and two additional rays, each having < 10
a third of the power of the LOS ray, with angles of arrival at the
basestation determined using the so-called geometrically base
single-bounce elliptical model (GBSBEM) of [25] and [26] with
parameters chosen such that the multipath rays had one third «
the received power of the direct ray. It was assumed that all o.

30

20
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these mUItlpath rays arrived Wlth zero tlme delay relative to trI‘Eleg. 3. Average SINR against distance from the base station for networks with
LOS path, or that a space-time equalizer [27], [28] was engnd without power control using the parameters of Table .

ployed, thus making full use of the additional received signal
45

energy. However, the many extra desired and interfering sign:
incident upon the antenna array rapidly consume the limited d_
grees of freedom of the antenna array, limiting its ability to fully &
cancel each source of interference.
A further assumption was that the up- and down-link char g
nels were identical, thus allowing the same antenna pattern 3
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be used in both the up- and the down-links, asin a TDD systef% 25 )
This assumption of channel reciprocity should therefore give zfo i e
upper limit to the performance gains that may be achieved usi a
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A. Performance of a 4-QAM-Based Network Using Power B B st
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. . . . . . 2
Our investigations commenced with the comparison of th Mean Carried Teletraffic (Erlang/km*/MHz)
FCA and LOLIA DCA schemes in networks with and without

- : ig. 4. Mean number of handovers per call versus mean carried traffic of the
power control. The fixed channel allocation scheme employec{ IA, with seven “local” base stations, and of FCA employing a seven-cell

seven-cell reuse cluster, corresponding to one carrier frequeRg)e cluster, for two- and four-element antenna arssigs,and without power
per base station. The LOLIA was used in conjunction with gntrolusing the parameters of Table I.

frequency reuse exclusion zone of seven nearest base stations,
i.e.,n = 7. The immediate effect of power control can be seguerformance of the LOLIA was also slightly improved on av-
in Fig. 3. This figure shows that the power control attempts &rage.
maintain a constant SINR, which is sufficiently high for reli- Although not shown explicitly, the new call-blocking prob-
able communications across the network, rather than providialgility for the FCA algorithm deteriorated slightly through
unnecessarily high SINRs near the base station and insufficiém use of power control as a direct consequence of the im-
levels of SINR far from the base stations. This is evident for@oved call-dropping probability shown in Fig. 5. The new
network without power control in Fig. 3. The high SINR valuesall-blocking performance of the LOLIA was superior to that
of the power-controlled scenario near the base station are duetahe FCA algorithm both with and without power control,
the transmitter’s inability to reduce its transmitted power beloas a result of the dynamic nature of the LOLIA. This enables
its minimum threshold. the LOLIA to allocate any of the available channels not used
The effect of power control on the mean number of handovesdgthin the seven-cell exclusion zone (maximum of 56 in this
performed per call becomes clear from Fig. 4. From this figurecenario) to a new call request. However, the FCA algorithm
it can be seen that with respect to the number of handovers paly has one carrier frequency per base station, and therefore
call for the FCA algorithm, the performance of the networls less likely to be able to satisfy a new call request. The
with power control significantly exceeded that of the networkddition of power control to the LOLIA witlh = 7 led to a
without power control using an adaptive antenna array of twiceduced new call-blocking probability. Specifically, the new
the number of antenna elements. The use of power controlcall-blocking probability with power control is reduced to that
conjunction with the FCA algorithm led to a mean reduction iachieved using twice the number of antenna elements without
the number of handovers by a factor of 3.7. The inherently gopdwer control. The higher new call-blocking probability for the
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Fig. 5. Call-dropping probability versus mean carried traffic of the LOLIAFig. 6. Mean transmit power versus mean carried traffic of the LOLIA, with
with seven “local” base stations, and of FCA employing a seven-cell reuseven “local” base stations, and of FCA employing a seven-cell reuse cluster,
cluster, for two- and four-element antenna arraygh and without power for two- and four-element antenna arrawsth and without power contralsing

control using the parameters of Table I.

network without power control can be attributed to the lowe 10°

SINR values, which prevent new call initiation, whereas th o FCA 4-QAM PC
: ; O FCA AQAM PC FCA, AQAM PC
higher average SINR levels of the network with power contnni_: S le] LOLIA (n=7) 4-QAM PC ’
enables additional calls to commence. S & 12~01UA (?;71:) AQAMPC
Fig. 5 shows that the call-dropping probability is significantly% _— 421?:1:; BE ~~LOLIA, 4-QAM PC
reduced for both the FCA algorithm and the LOLIA with= _§ : LA
7. The FCA with power control offers a lower call-dropping& 1%FCA* +#QAMPC /%;ff § o

probability, than a similar network without power control usin¢ § 1°
twice the number of adaptive antenna elements. However,
traffic loads of below approximately seven ErlangsfkiiiHz,
the call-dropping probability begins to level off for the FCA al-&
gorithm. This phenomenon is particularly noticeable in conjun g
tion with the LOLIA and results from the power control algo-
rithm limiting the maximum SINR, leading to a flatter call-drop-
ping profile than that of the network without power control
Thus, at lower traffic loads, the network without power contrc
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has a higher average SINR, leading to less dropped calls. How-

i : ; ig. 7. Call-dropping, or forced-termination, performance versus mean carried
ever, at hlgher levels of teletraffic, the power control algOrm‘":r:r]laffic of the LOLIA, with seven “local” base stations, and of FCA employing

offers a Igwer call-dropping rate, as a consequence of the l0v§&leven-cell reuse cluster, for two- and four-element antenna awagisand
levels of interference present using the power control schemwithout AQAM

A further advantage of using power control in a cellular mo-

bile network is portrayed in Fig. 6, which shows that the meajtheme and a seven-cell LOLIA system. The results obtained
transmit power is Significantly reduced from the fixed transmfbr a four-QAM_based network using power control were
power of 10 dBm due to power control. The mean transmicluded for comparison purposes.
pOWerS f0r bOth the FCA algorithm and the LOLIA are Signif- The new Ca”_b'ocking probab|||ty (not Shown) was On|y mar-
icantly reduced, with the four-element adaptive antenna arrgyidally changed for the FCA algorithm using power control with
offering a further 0.5-1.5 dB reduction in the transmit powgbur-QAM or AQAM, suggesting that the new call-blocking
over that of the two-element arrays. performance of the FCA algorithm was limited by the lack of

Having characterized the performance of our 4-QAM bencyaijlable frequency—timeslot combinations, rather than by in-
mark scheme, let us now consider our proposed AQAM systelyequate signal quality. This analysis was confirmed by the im-
provement in the new call blocking performance of the LOLIA
resulting from the improved signal quality of AQAM.

The call-dropping probability is depicted in Fig. 7. The

This section presents the simulation results obtained forAQAM LOLIA using n 7 had, in general, a reduced
network using burst-by-burst adaptive modulation [17]-[2@]all-dropping probability compared to that of four-QAM with
invoked in order to improve the network performance. Sinpower control due to the resilience of AQAM in poor-quality
ulations were conducted for both a standard seven-cell FGAnal conditions. The dropped calls were caused exclusively by

B. Performance of an AQAM-Based Network Using Power
Control
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Fig. 8. Mean number of handovers per call versus mean carried traffic of thig. 9. Mean number of intercell and intracell handovers per call versus mean
LOLIA, with seven “local” base stations, and of FCA employing a seven-cetlarried traffic of the LOLIA, with seven “local” base stations, and of FCA
reuse cluster, for two- and four-element antenna arvaigis and without AQAM  employing a seven-cell reuse cluster, for two- and four-element antenna arrays,
with AQAM
insufficient signal quality during the intracell handover process,
thus increasing the number of adaptive antenna elements froetl handovers are necessitated in the network using four-ele-
two to four improved the call-dropping performance. Thenent adaptive antenna arrays, as the users roam from cell to
higher dropping probability observed for traffic loads betweecell.
10.5 and 15 Erlangs/kiiMHz when using the two-element In contrast, the number of intracell handovers performed in
adaptive antenna array was due to the power control and AQAddnjunction with the FCA algorithm decreases, as the teletraffic
attempting to trade off modem throughput and transmit poweises, and the number of antenna elements is increased from
while attempting to minimize the number of dropped calls. Th&vo to four. This is a consequence of the particular implementa-
extra interference suppression capabilities of the four-elemeian of the modulation mode selection—power control algorithm
adaptive antenna array led to a reduced call-dropping prolaad its interaction with the FCA handover process. The AQAM
bility. Hence, altering the AQAM mode selection algorithmalgorithm attempts to remain in the current modulation mode
(in Fig. 2), may improve its performance at these traffic loadss long as possible, and hence as the SINR degrades will opt
when used with a two-element antenna array. for performing an intracell handover in an attempt to maintain
At low levels of traffic, the FCA dropped the majority ofthe SINR, rather than drop to a lower order modulation mode
its calls during intracell handovers. However, as the netwoskiitable for the reduced SINR level. Thus, with a four-element
loading increased, the proportion of calls dropped in the iadaptive antenna array, the average (and instantaneous) SINR is
tercell handover process increased significantly due to the lduigher than that of a two-element array, leading to a more fre-
of available slots. The four-element adaptive antenna array cgrent usage of the less resilient higher order modulation modes,
duced the number of dropped calls due to the intracell hamhich requires additional intracell handovers. However, as the
dover procedure, but the corresponding rise in the numberroéan teletraffic increases, so does the level of interference in the
calls dropped during intercell handover resulted in an overalktwork and a greater proportion of transmission time is spent
degradation in the call-dropping performance. Therefore, tirethe lower order modulation modes, thus requiring less intra-
call-dropping performance using the FCA algorithm is limitedell handovers, as illustrated in Fig. 9.
by the availability of frequency-timeslot combinations during The probability of a low quality (LQ) access is depicted in
handovers, and the results using AQAM are bounded by thdsig. 10, showing an interesting interaction between the FCA
of four-QAM in conjunction with power control. algorithm and the AQAM implementation. The probability of
Fig. 8 shows the mean number of handovers per call farLQ access occurring is reduced, as the traffic level increases
four-QAM and AQAM, both using power control. The LOLIA and the number of antenna elements is decreased. This can be at-
with n = 7 performed a lower total number of handovers pdributed to the less frequent usage of the higher order modulation
call when using AQAM due its inherent resilience to poomodes at the higher traffic loads, hence the lower order modula-
signal quality conditions. tion modes are used more frequently and thus the chance ofa LQ
The breakdown of the handovers into intercell and intraceltcess taking place is reduced. The four-element adaptive an-
handovers s givenin Fig. 9 and shows that the extra interfererieana array leads to a higher probability of a low-quality access,
rejection capabilities, and the associated superior SINR, of thiace its higher associated SINR levels activate a more frequent
four-element array results in a lower number of intracell hamsage of the less robust higher order modulation modes. For ex-
dovers for the LOLIA. Since the intracell handover process &nple, in conjunction with 400 users and two antenna array el-
the primary cause of dropped calls, and less intracell handoversents, 87% of LQ accesses occurred, while in the 16-QAM
are performed when using a four-element antenna, more intarede, with four array elements, this increased to 94%.
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Fig. 10. Probability of low-quality access versus mean carried traffic of tHeig. 12. Mean transmit power versus mean carried traffic of the LOLIA, with
LOLIA, with seven “local” base stations, and of FCA employing a seven-cefieven “local” base stations, and of FCA employing a seven-cell reuse cluster,
reuse cluster, for two- and four-element antenna arraiyts and without AQAM  for two- and four-element antenna arraysing AQAM
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reductions to 28% and 48% of the LQ outages in the 16-QAM
mode.

The average modem throughput expressed in bits per symbol
versus the mean carried teletraffic is shown in Fig. 11. The figure
shows that the mean number of bits per symbol decreased, as the
network traffic increased. The FCA algorithm offered the least
L 40AM=2bis /_sy;t;éif e T throughput and its pe_rformance degraded _near-linearly with in-
S creasing network traffic. The LOLIA, especially for lower levels

of traffic, offered a higher modem throughput for a given level of
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teletraffic carried, with the performance gracefully decreasing,
. BPSK =L hit/symbel.._._._. i i i i
10 o FCA AQAM PC as the carried teletra}ﬁlg continued to increase.
A LOLIA (n=7) AQAM PC The mean transmission power results of Fig. 12 demon_strate
R 2 element BF that the employment of AQAM reduced the power transmitted,
— 4element BF both for the up- and the down-link. At low traffic levels, the
0.0 ; . . .
4 6 8 10 12 14 16 18 20 22 24 FCA algorithm performed noticeably worse in transmitted
Mean Carried Teletraffic (Erlang/km’/MHz) power terms than the LOLIA. However, as the network traffic

loading increased, the difference between the two algorithms

Fig. 11. Mean throughput of users in terms of bits per symbol versus megixs rapidly reduced. The mean power reduction. when com-
carried traffic of the LOLIA, with seven “local” basestations, and of FCA piaty ) P ’

employing a seven-cell reuse cluster, for two- and four-element antenna arrzg@,r_ed to the fixed four-QAM transmission power of 10 dBm,
using AQAM varied from about 1 to more than 6 dB for the LOLIA. A 1-dB

reduction in the mean transmission power, from the 10-dBm

However, as the network loading rises, an increasing pr%'-QANI POWeEr, 1S not partllcularly significant for the mobile

ortion of the LQ outages occur in the BPSK modulatiodSeh especially since at this network load a throughput of about

P B BPS is possible in both the four-QAM and AQAM scenarios.

mode. Coupled with the increase in the BPSK modulati . :
mode’s usage due to the low SINR constraints, the probabi(l?ﬂﬂ|e difference between the network using AQAM and that

of a low-quality outage must increase at a certain traffic Ioaé).{thom’ though, is the overall improved call quality that can

This can be seen in Fig. 10, where the LQ outage probabill € achieved in the context of our performance metrics, and the

is starting to rise for FCA with both two and four eIementsEanlflcantly increased number of users that can be supported

though the extra interference suppression of the four-elemel){tthe network.

array allows extra traffic to be carried, before this phenomenan

commences. More specifically, for a network supporting 12der Summary of Results

users and using two-element adaptive antenna arrays, oven order to arrive at a meaningful comparison of our results,
50% of the LQ accesses occurred, while in the 16-QAM modit,is necessary to consider a combination of the network per-
versus 74% with four-element antenna arrays. Increasing floemance metrics. For example, an algorithm may perform very
number of users to 1400 reduced the number of 16-QAM L®ell in one respect, yet have poor performance, when measured
accesses, but increased the BPSK LQ outages to 60% asthg an alternative metric. Therefore, the following conserva-
24% for the two- and four-element arrays, respectively, witlive and lenient scenarios were defined [1]:
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TABLE I
MAXIMUM MEAN CARRIED TRAFFIC, AND MAXIMUM NUMBER OF MOBILE USERS THAT CANBE SUPPORTED BYEACH CONFIGURATION, WHILE MEETING THE
PRESETQUALITY CONSTRAINTS THE CARRIED TRAFFIC |S EXPRESSED INTERMS OF NORMALIZED ERLANGS (ERLANG/KM?/MHZ), FOR
THE NETWORK DESCRIBED INTABLE | IN A MULTIPATH ENVIRONMENT

Conservative Lenient
Prr = 1%, Pow = 1% Prp = 1%, Piow = 2%
Algorithm GOS = 4%, Pg = 3% GOS = 6%, Pg =5%
Users | Traffic | Limiting | Users | Traffic | Limiting
Factor Factor
4-QAM
FCA, 2 element 605 6.2 Pioy 780 7.9 Py
FCA, 4 elements 850 8.7 Piow 920 9.5 Ppr
LOLIA (n=7), 2 element 1235 12.9 Py 1330 14 Pow
LOLIA (n=7), 4 elements | 1415 | 14.6 P 1525 | 15.9 P
4-QAM PC
FCA, 2 elements 1060 10.3 Ppr 1060 9.5 Per
FCA, 4 elements 1175 114 Prr 1175 11.4 Prr
LOLIA (n=7), 2 elements | 1440 14.7 Prow 1530 15.9 Prpr
LOLIA (n=7), 4 elements | 1665 17.2 Piow 1815 18.7 Plow
AQAM PC
FCA, 2 elements 1160 11.6 Ppr 1160 11.6 Prr
"FCA, 4 elements 1170 11.6 Ppr 1170 11.6 Pprp
LOLIA (n=7), 2 elements | 1940 20.1 | BPS/P,, | 1940 20.1 BPS
LOLIA (n=T7), 4 elements | 2300 23.6 BPS 2300 23.6 BPS
+ Conservative Scenario VI. CONCLUSION

[9) [9) [9) [9)
. Leﬁ)iBerﬁ gférgﬁ;és 1%, Pow < 1% and GOS< 4%. In this paper, we have examined the performance of an
Py < 5%. Prp < 1%, Piw < 2% and GOS< 6%. AQAM-assisted mobile cellular network in contrast to a fixed

Due to the enhanced network performance resulting frofr%ur—QAM—based network. At high levels of network traffic, the

the employment of AQAM, a further constraint of a minimu network users benefited from improved call quality for a given

throughput of 2 BPS was invoked. This ensured a fair com;g\rrgnsmlt power and modem throughput. The network was thus

ison with the fixed four-QAM-based network. Capable of supporting more users with a higher user satisfaction

Table Il shows how the networks using AQAM with pOWerthan a similar network using fixed-mode four-QAM. For low

. . numbers of network users, it offered superior call quality,
control, four-QAM with power control and four-QAM without reduced transmission powers, and higher modem throughput

power control, perfo_rmed In terms Of. the number of useE an a fixed four-QAM network in identical scenarios. Thus, for
supported. A mean increase of 44% in the number of users

. " i twork traffic loading or number of users, our network
was achieved by the addition of power control to the FCR given ne S L
algorithm—basedyfour-QAM netwo?k Invoking AQAM andemploylng AQAM was capable of achieving an increased mean

modem throughput, while offering a better quality of service.

: 0 .
power control_led_to_ a further average rise of 9%, W.'t?)urfuture work involves the investigation of network capacity
any further gains limited by the nature of the call-droppm%r a CDMA-based UMTS network

probability of the FCA algorithm. The interaction between the
FCA algorithm and the AQAM—power control algorithm led
to some interesting results, which suggest that an integrated REFERENCES
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