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Abstract—A wireless network with beamforming capabilities at  of wireless communication services together with the limited
the receiver is considered that allows two or more transmitters to  gmount of the available radio spectrum calls for highly efficient

share the same channel to communicate with the base station. A saqe of wireless network resources, including traffic channels
novel approach is introduced, which combines the effects of the dig-

ital signal processing (adaptive beamforming) at the physical layer [61, [7]'_ . .
withthe traffic policies at the network layer on the overall queuing The interference reduction capability of antenna arrays have

model of a cell. The effect of signal processing on the queuing modelbeen considered as a means to increase the capacity of wire-
of the cell is represented by a parameter in the final cell model. |ess systems [8]-[18]. Specifically, using beamforming tech-
Each cell is modeled by a multiuser/multiserver service facility, niques at the receiver, two or more transmitters can share the
where each server is a beamformed channel formed by the cell's traffic ch It ' icate with the b tati th
base station. From this effective cell model, we find the closed form same r_a IC channe ‘_) communicate wi ) € base siation at the
solutions for blocking probabilities of the calls and total carried Same time. An adaptive antenna array is used at the base sta-
traffic in a wireless netwrok with adaptive arrays. Our analytical ~ tion to form several antenna beams simultaneously. Each beam
as well as numerical results show that adaptive beamforming atthe captures one transmitter by automatically pointing its pattern to-
receiver reduces the blocking probability of the calls and increases a4 that transmitter while nulling other cochannel transmitters
the total carried traffic in the system. - - . .
[8], [15]-[17]. In this way, the cochannel interference is mini-
Index Terms—Adaptive beamforming, antenna arrays, handoff mized, and therefore the signal-to-(interference plus noise) ratio
queuing, wireless networks. (SINR) for the signal of interest is maximized.
In urban wireless environments, the transmitted signal
l. INTRODUCTION by each user is reflected by surrounding buildings and the
N A cellul irel icati work b_Iterrain. Therefore several copies of the transmitted signal are
celluiar wireless communication network, as a Moblig, -qjyeq at the base station with different delays and different

: e
USET Crosses the boundaries of cells (coverage area of egﬁcgnuation associated with each path. This effect is called
base station) the call must be handed over to the new base .ﬂaftipath fading. It is assumed that for each transmitter there

tlolrl1 (dBaSh) th:t f;f)arozj/%es Itlhe best link :_qua(l;tg. :—hhls opterauonllfre at mosty strong multipath components received at the base
called shandoffand ideally goes unnoticed by the customer [ tation. An adaptive array with/ antenna elements forms up

EZ]' An |mporta|1|n'[| proble;m a_rlstl;:g from_g:e S;Oblll_'ty Offthicujt M —1 array nulls. In this paper we only consider space-only
omers in a ceflular system 1S the possibie blocking of a han ersity combining. In our analysis, we assume that there are

call [3]5[.5].trl]\lamelty, we cdan have _atcall that W‘?ls |E|t|atec|il !{%nough array nulls available to reject the interference caused
one cell in the system and moves Into a néw cell where a B cochannel transmitters as well as multipath interference.
channels (servers) happen to be already occupied by other ¢ % space—time diversity combining, spatial nulls can be used

.Thls enter_lng ca_ll W.'" ther_1 have to be cleared fr_om t_he systep reject the cochannel interference (CClI), while intersymbol
involuntarily, which is obviously an unpleasant situation for thﬁnerference (1SI) can be eliminated by time diversity.

customer, and it is callefbrced termination of a callSuch an This paper considers a wireless network with beamforming
event results in a disconnection in the middle of a call, which Esapabilities at the receiver that allows two of more transmit-

highly undesirable. ters share the same channel to communicate with the base sta-

Due to fixed finite resources, we cannot assume that m {6n. Each cell is modeled by a multiuser multiserver service fa-

physical radio channels will be added to a spectrum allocati%ﬁ'ity. Each server is a beam-formed channel formed by the cell's

to reduce the probability of blocking or forced termination [1},¢e gtation. For a set of cochannel transmitters the probability

tThh? trel?llocatlon %f batr;ldv;ndth tI'S a ?ﬁnQards—sgttmg prﬁceo?ssuccessful capture by a separate antenna beam is computed.
at takes a considerably long time. The increasing populanfy,q g ccess probabilities are taken into account in the queuing

model of the system. From this generalized model the closed
Manuscript received September 15, 1998; revised August 31, 1999.  form blocking probabilities of the calls and total carried traffic
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x(k) = Z VEG; Z aja(6}) sj(t—m) +nk) (1)

j=1 n=1
guard channel policy are presented in Section IV. Analysis of - ) ) ) ) )
the network with antenna arrays at the receiver under queutf ered? is the arrival direction of theth multipath signal from

of handoff calls traffic policy, for an infinite as well finite theth user, P’ is the power of theth transmitterG; is the
queue lengths, are discussed in Section V. Numerical results i} 9ain between theth transmitter and the base statierf,

presented in Section VI. Section VII includes our conclusion$ thenth path fadingn(k) is a zero mean Gaussian random
and remarks. vector with variance of each elemertt, anda(6?) is the array

response to the multipath signal arriving from directrwith

a(07) = [aa ("), a2(67), ..., ans (O7)]" . @
Il. REVIEW OF SPATIAL MULTIPLEXING USING ADAPTIVE

BEAMFORMING _ ) o
A. Space Diversity Combining

An antenna array is a multibeam adaptive array with its gain|n a system with adaptive arrays, a weighted sum of the re-

pattern being adjusted dynamically [9]. For a fixetbeam sec- ceived signals is combined at the output of beamformer as illus-
torized antenna and & element antenna array system the anrated in Fig. 3

tenna gain and system capacity are increagefbld. Never-

theless, the difference is that in a fixed beam system the handoff yi(k) = wix(k) (3)
from one beam to another is the main disadvantage, while in an

antenna array system each beam will track its user within tivhere ¢ denotes the index for the signal of interest,

coverage of a cell. Moreover, antenna array systems provide @if = [w;;,...,w;u] iS the weight vector, ana&® (k) =
versity gain against multipath signals and strong interferers by (k), ...,z (k)] is the received signal vector sampled at the
placing antenna nulls toward those sources. output of the down-converters.

Space and time diversity are used as a means to reduce the
CClandISl. If the desired signal and the cochannel signals hae Minimum Variance Distortionless Response (MVDR)

different temporal or spatial signatures, using time and spac&pe can choose the weight vecter to steer a beam toward
diversity can improve the signal-to-noise ratio (SNR). The blogke girection of signal of interest and adjust the nulls to re-
diagram of an adaptive array is depicted in Fig. 1. ject the interference. This is done by maintaining a distortion-
In general, the objective is to form the main beam towaldss response in the direction of interest and placing the nulls in
the desired user and nulls toward the interference sources@Sdirections of other cochannel interferers. The average output
illustrated in F|g 2. power is given by
We shall use adaptive beamforming capabilities of antenna
arrays to maintain a constant gain for the signal along the die;; = £ [y, (k)y (k)] = wi E[x(k)x" (k)]w; = wH ®;w;
rection of interest and adjusting the nulls so as to reject the (4)
cochannel interference. In this way the interference is minjith
mized and SINR for the signal of interest is maximized. A single
base station equipped with af element adaptive array is con-®; = P,G;a;a; (6}) al’ (6})
sidered. Assume there arkecochannel users in the cell. Let J N
sj(k) for j =1,2,...,J denote thejth transmitted signal. We + Z PG, Z a?aj(ey)af(ey) + &] (5)
assume that at mosf multipath signals from each user would J=1, i —2 2
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Fig. 3. Space diversity combiner.

The correlation matrix due to the interference terms is defingd

as
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guence and the output of the beamformer in mean square sense,
that is

W; = argmin £ [|dZ - wﬁai(9§)|2} . (11)
The solution to this problem is given by [11]
Wi =7 'p; (12)

where ®; is defined as before ang; is the cross correlation
between the received vector and the training sequepmce:
E[x;d}]. The maximum CIR in this case is given by

7, max —

PGwia, (6) all (61) W

J N J N N N 7oA N
, N, C PG nwHa (07 al (07 w0 wH v,
= ) PG Y afa;(67)af (67) + 701. (6) 2, g D1 G e Wi 2, (07 ) a1 (07 ) Wik 22 Wi W
=1 =2 (13)
As was pointed out before, if the array response to the direc-
tion of the desired user is known, the beamformer tries to min- [ll. NETWORK WITH OMNIDIRECTIONAL ANTENNA AND

imize the variance of the beamformer output subject to main-
taining a distortionless response in the direction of interest suc

thatw!a; (6})
called an MVDR [11] beamformer. Now from (4) and (5) alon
with the constraint thatv/7a;(6}) = 1, the received signal
power plus the interference power as a functiorvefis

J N
E;=PGi+ > PGy ofwila;(6})
j=1,j#i n=2
-a]H (9;’) w; + —OWZHWZ‘. )

2

Let I; denote the total interference plus noise power given by

N
H
W,+—— W, W;.

J
L= Y PG, 5
(®)

N
S cwlla, (7)o (67)
j=Lj#i  n=2

In (7), P,G; is the received power from the signal of interest

while I; given by (8) is the contribution to the output powey
from the interference and noise. The optimum weight vegétor
for the MVDR problem is given by

7' (8))
VT Al (6 @ Ly (61)

Since the desired signal (arriving alofig will not be affected
by the beamforming process and only the interference is

A~

©)

= 1. Forthis reason, this adaptive beamformer iénd 5]

GUARD CHANNELS TRAFFIC PoLICY

hn this section we review the traffic policies proposed in [4]
that can help to decrease the blocking probability of

$handoff calls, while not penalizing the originating calls too

much. In this paper, the following assumptions are made for
the network model.

We regard a cell as a service facility with, s@yphysical
channels. Two types of traffic are handled by the cell: the
handoff calls and the originating calls. Once a call is in
progress, its original type (handoff or originating) cannot
be distinguished.

» Poisson hemorylessarrivals for originating calls with
rate equal toy per second (i.e., originating calls have an
exponential interarrival time distribution with parameter
7)-

 Poisson arrivals for handoff calls with rate equaktper

second (i.e., handoff calls have an exponential interarrival

time distribution, with parametey).

Exponential tnemorylessservice time, on the average

equal to ¥7 s. The service time refers to the entire call

duration, assumed independent of the number of handoffs
to other cells.

Exponential handoff service rate with rate equal tper

second per call (i.e., the average duration between two

consecutive handoffs is/L).

re-The guard channels traffic policy is the blocking of newly

jected, the SINR is maximized for the signal in the directiooriginating calls as soon gschannels among the initidl chan-

of interest, i.e.,

Fi,max =

PG
J N NG n
i il Xy Wy (67) af

B

C. Minimum Mean-Square Error (IMMSE)

nels are still free. This allows us to buildguard bandbefore
handoff calls will be blocked, which will happen only when all
L channels are occupied. In what follows, this policy is quan-
tified in order to illustrate the usefulness of the guard channel
concept. First we define some useful notations

67
a = —,

I
We recall thay: is the total service rate, is the arrival rate of

A
a=A+v, p=n-+v, b=—, c=-—. (14
7

If the array response is not known, we can employ a trainirggiginating calls, and is the arrival rate of the handoff calls. So

sequence and minimize the difference between the training

aasan be considered as thaal traffic offeredto the cell, and:
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is thehandoff traffic offeredo the cell.g is the number ofuard A A
channelsand itis desired to determine an appropriate valuge of (‘j AAAAAAA /\/‘j _______ @)
in order to protect handoff calls from high blocking without in- ! \/
creasing the blocking of originating calls too much [4], [5]. This Lk Lg+hi
system is a simple blocking system with memoryless arrivals
and memoryless service time, as well as state-dependent arrFﬁ!
rate. Namely, the arrival rate into the cell is equa{xo+ ) if
we have fewer thath, — g customers present in the system, and
simply equal toA (corresponding to handoff calls) if we have
L — g or more customers in the system. The number of users in
the systerm forn = 0,1, ..., L forms a discrete Markov chain
with the state transition diagram shown in Fig. 4.

For the state probabilities?(n) n = 0,1, ..., L, we have

4. State transition diagram of discrete Markov chain, the network model
e system with guard channels.

n

0<n<L-g P(n)=%P0)
Al (15)
L-g<n<L P(n)=*———P(0)
where
Loatl n L o;—(L—g)
_ a L—g c
n=0 n=L—g
The blocking probabilityB, of originating calls is then given i Mobile Terminal
by o
o~ é{ Base Station With
Bo=Pn>L —g] Antenna Arrays
L c—(I—g) Fig. 5. Capturing four mobile users over the same channel successfully by an
= Bo = |a"7? Z —— | F(0). (17) adaptive antenna array at the BS.
n!
n=L—g

Similarly for the handoff calls, we have the blocking probability T @void degradations,aall admission controlCAC) mech-
By given by anism is devised. IF'; < v or¢ > K, that user is not accepted

into the system. The probability of the evdnt > ~ in the

By = Pln=1] system would yield the success probabitify;_, »; that theith
al—909 transmitter can share the same channel, given thhtransmit-
= By = ——P(0). (18)  ters are already using that channel. Clearly the success proba-

bility p; ;1,1 depends od/ and determined by the following
parameters: distribution model of the users over the coverage
area of the base station, path loss model of the system, which
determines the link gaingy;'s, thresholdy, and SNR. In this

In this section we analyze the network with adaptive arrgyaper, we will assume that the mobile terminals are uniformly
under guard channels traffic policy [5]. Fig. 6 illustrates our pradistributed around the base station over the circular plane with
posed channel assignment policy. From Fig. 6, it is clear thabrmalized radius 1. For the path loss, we assume that the level
first L users are assigned fophysical channels. If all. phys- of a terminal at the base station will be proportional fa:4,
ical channels are busy, the new call will be served by one wherez is the distance between the terminal and the base sta-
the beam-formed channels, using the following algorithm. It ifon. The exponeng will be a number between two and about
assumed that upon arrival of ti& + 1)th call, the adaptive five (3 = 2-5).
array points one beam toward that user, and one beam-forme@€onsidering the complex probabilistic structure of the
channel (associated with one of thghysical channels) will be problem due to beamforming process, it is very hard, if not
assigned to that call. Each of the physical channels can servampossible, to compute the success probabilities directly. For
to K different calls byX separate beams. This is feasible by dehis reason, we resort to Monte Carlo simulations to obtain the
ploying K beamformers in parallel for each channel, as shovauccess probabilities. Success probabilities close to one are
in Fig. 5. In this setup, a maximum & L calls can be served expected for high SNR. On the other hand, for low to medium
in the cell. SNR’s, the success probabilities are expected to increase as

Let us assume that-{ 1) cochannel transmitters successfullyhe number of antenna elements increases or threshotld
share the same channel. The newly arriitbdransmitter is al- decreases. Our simulation results confirms the above heuristic
lowed to share that channel with other cochannel calls it v, results. Figs. 7 and 8 illustrate Monte Carlo simulation results
wherel’; is given by (10) and the thresholds a system param- for the success probabilities; »; and psj2, s, for two- and
eter determined by the governing standard. For instance, in theee-beam adaptive arrays respectively, whdrelenotes the
IS-54standard;y is 14 dB, while inAMPSit is 18 dB. number of antenna elements. It is worth mentioning that the

IV. NETWORK WITH ADAPTIVE ARRAY AND GUARD CHANNELS
TRAFFIC PoLICY
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Fig. 6. Flowchart of the channel assignment algorithm in a system wit ¢ | i A el - - A
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I e /V PPhe T
s pal -
//1’ < . 7 e x
success probabilities obtained through simulations are valid{ %7 [ A i
uplink as well as downlink. However, in this paper, the succe: I =’ o
ey « . . H ; >
probabilities are used for deriving the overall queuing modt o | ! Y , > ]
. . 1 s »
at the base station. Therefore, they are used for uplink analy i // , e
only. ¢ N A
Now let us compute the probability of successful admission 15 : TR & — - SNR=20 dB, gamma=18 dB
the system, using;|;_1 ;. Since there aré distinct channels O J/ N §§§:§8 3§’ iﬁﬁ::ig gﬁ
. ’ . i ’ - = . ge a=
in the system and ea_u_:h channel may be r_eu_sed o tines, 04 //// R < < SNR=30 dB, gamma=14 dB ||
we define the probability of successful admission of the {)th i S & - -0 SNR=50 dB, gamma=18 dB
. . . / 4 - =
user into the system given that there are alreadssers inthe | /) # >~ > SNR=30 dB, gamma=14dB | |
system as o
by 7
"y //
In+1ln = th+1|Nt (NH—I =n+1 | Nt = 7’L) (19) 0.2 "'//l////l / ]
7
iy
where N, is the number of users in the system at titnkee- )
. . . . i *
fore a new call (user) arrives into the system arnisl the time ,L’i’//
. . . . /
index, which increases by one at each epoch correspondinc K
0.0 ‘ :
2.0 3.0 40 5.0 6.0 7.0 8.0
M (# of antenna elements)

a new handoff or originating call. For&-beam adaptive array
., 2k ) denote the beamformed channels

system, let(xs, 23, . .
occupancy vector, where;, denotes the number of physical
channels, which have at leaktbeams, and) < z;, < L

Fig. 8. Success probabilifys 2, »s for a three-beam adaptive array.
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for k = 2,...,K. Furthermore, based on our channelassign- ' ® ® O R Q® K8 & O

ment policy illustrated in Fig. g < -+ < 23 < . Es- ®R®0 ®O0OO0 OO0 ®®O0

sentially, the channel occupancy vector represents the number 00 ®0O0 00 ®@®O0

of calls assigned to beamformed channels. From Fig. 6, it is o

easy to show that first incoming calls will be assigned to the L ® OC Q00 00 ®0O0

L physical channels with success probability, ;, = 1 for

n=0,1,...,L—1.Ifthere are more thah simultaneous calls @ ® © @

in a cell, they are served by beamformed channels. Fig. 9. Channel occupancy scenarios for a three-beam array, when there are

As an example, consider a three-beam adaptive array with2 users in the system (a) Two users are served by channels in the second

L+ 2 users in the system Then the channel occupancy Ve(’qae?m. (b) One user with the second beam and another one with the third beam
; re being served. Transition of systemit¢-3 users. (c) Two users with the

_(3727373) COUl_d b_e eit_her (2, 0) or (1, 1). Fig. 9(a) and (biecond beam and one with the third beam are being served. (d) Three users are
illustrates this situation. Now there are two possibilities faferved with the second beam.

the transition fromZ+-2 to L+3 users in the system, i.e., new

channel occupancy vectofs, #3) could be either (3, 0) or (2, o « P 0Qxgriet Adigis A
1). Fig. 9(c) and (d) illustrates this situation. AT ’/rl?‘i ST

Now for the general case, let(n > L) denote the number (0 ) = Wb T fj T LK/L/
of users in the system at tintei.e.,zs + 23 + --- + xx = \ﬁ// '\ﬂ/ @GR ®Cep  Kigp KM

n— L. Then the number of users in the system at timé after
the transition (accepting one new call into the system) satisfigg- 10. State transition diagram of discrete Markov chain, the network model
N o N P A of the system with an adaptive array at the base station and guard channels.
To+Zz+---+Txg =n+1—1L, WheI'E(.IQ,aZg, R .IK) denotes
new channel occupancy vector, abgd < --- < 23 < Z». The _ _ _
channel assignment policy illustrated in Fig.6 starts from the In our network model setup, the effective arrival rate into the
channel with smallest indef = 0,1,..., L), which has the cell at staten is [19]
smallest number of beanié = 0,1, ..., K). The first beam-
formed channel that satisfies the link quality will be assigned to ) 4 (n) = { nyrfn =01, KL—-—g-1 (22)
the new call. Mntifn n=KL—g,....,KL—1.
Letg(n+1,22,...,xx) denote the probability of successful
admission of thes{(+1)th call into the system, i.efs + 43 +
v+ g =n+1—Lwithzg < -0 < 23 < 2o, given
(@2,3, ., #x) Wherea, + o5 + - +ax = n — L and pwn) =np n=12,... KL (23)
Tr < S 3 < o
From (20), shown at the bottom of the page, we can compytg;,, ,, — 0. 1,... K L, denote the number of users served in
the success probabilitigs 1, ,, for the K'-beam adaptive array 5 \yireless network using adaptive antenna arrays. The number

Similarly, the effective service rate in the system at a given state
n, p(n), is

as follows: of usersn in such a system forms a Markov chain with state
R transition diagram shown in Fig. 10.
Intifn = Z g(n+1,zz,...,2x) It is worth mentioning that the network model in [5], which
{oowxlrS—soa} assumes an omnidirectional antenna at the base station will be
x pl(@2,....xKk) |22+ + 2 =n— L] a special case of our generalized model with = 1, with
= Z gn+1,22,...,7K) Tntiln = 1forn =0,1,..., L — 1, which results in the same
(omr|mre <<mo} model presented in Section Ill. Using the results of queuing
y pl(za,. .., xx), o+ +xi =n— L] 21) theory [19], [20] we have
Pt ek =n—L1 Aer(n)
. P(n+1)= ————-P(n) forn=0,1,...,KL—1. (24)
In view of (21), success probabilitieg, +;), can be com- p(n+1)
puted recursively starting from staters,zs,...,zx) = . .
(1,0,...,0). These results will be use(tj(eivn the numeric)al resul{:srom (24), it readily follows that
section to compare traffic/throughput improvements in a system n—1 )
with two- and three-beam adaptive arrays with that of a system P(n) = Mp(o) forn=0,1,...,KL. (25)
with a single omnidirectional antenna. =0 (U +Du

Ggn+1,29,...,2x)=p[ta+ ---+ix=n+1—L|(xo,...,2K), 22+ -+ 2K =n— L]
=1— (1= poyra)E™") % (1= pyjop) ™27
x-x (1 —pK|K71,M)(W”_mK) (20)
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Now from (22), (23), and (25), the state probabilitiég.) are KL-g-1 qn vt
shown by = Bu=| Y. (1—duupm) ] 1 25
=, =0
P(TL) KL-1 I(L—gcn—(I(L—g) n—1
n' HS Q1|5 (0) 71:0, 17 te 7KL_g + Z Qn+1|n n! Lpily
KL-g n~(KL9) 1rn 1 n=KL—g =0
e 115 4, P(0) n=KL-g,...,KL. )
(26) aI(L_gcg KL-1
+ KD I s | POO). (29)
oo

whereP(0) is
As mentioned, in a network with an omnidirectional antenna,

KL=g=1 ,n-1 a handoff call is blocked if and only if all channels in the cell
P0) = Z H Qi1 + aft—g happen to be bqsy. Ina wireless neFvv'c.)rk with smgrt antennas
S at the base station, there is a possibility of blocking handoff
KL - -1 calls due to unsuccessful beamformings. This effect is taken into
Z (K L—g) H 27) accountin (29) througEl‘L Y1- @n+1)n)P(n). The second
L1 9+ term in (29),P[n = KLJ, is the contribution to the blocking

n=kl=g probability when all the beamformed channels are busy. In the

numerical results section, the blocking probabilities given by

The blocking probabilityB, of originating calls is then given ) X
(17) and (18) will be compared to those derived for the network

b
y with an adaptive array at the base station given by (28) and (29).
KL—g—
Z (1 = gug1jn)P(n) + Pln > KL — g] V. NETWORK WITH ADAPTIVE ARRAY AND QUEUING OF
n=I HANDOFF CALLS
KL—g= an VL In this section, we investigate other traffic policies that fur-
= Do = Z (1= Gns1n) ol H i+l ther decrease the blocking probability of handoff calls at the
n=L expense of slightly increasing the blocking probability of orig-
i KL n—(KL—g) 7=l inating calls [5], [21]. We first assume that infinite queues are
+altm N H ¢j+11; | P(0).  allowed for handoff calls. The stabmlance equationsan then
n=KL—g j be easily derived. Three distinct cases have to be distinguished,

(28) corresponding to the three possible behavior of the system.

1) All customers are served without any distinction of type.
As we can see from (28), blocking probability of originating 2) Originating calls are blocked and handoff calls are served.
calls consists of two terms. The terfi[n > KL — ¢] 3) Originating calls are blocked and handoff calls are
is due to the fact that originating calls are blocked if gueued.
there areg or less free channels in the system. The terfagore precisely, we have the following relations:
SRI9H(1 — guy1m)P(n) in (28) represents the blocking

probabiltiy due to unsuccessful beamformings. 1.0<n<KL—g—1 P(n+1) = “2e1n p(p)

Similarly, for the handoff calls, we have the blocking proba- cqﬁll‘n
bility By given by 22KL-g<n<KL-1 Pn+l)= T P(n)
3.n>KL P(n+1) = 5 P(n)
KL—1 (30)
By= Z (1 = guyrjn) P(n)+ Pln=K1L] From the above relations between the state probabilities ob-
rd tained from the state transitions, we easily derive the exact ex-
0<n<KL-g,  P(n)=2%T[2 ¢41,2(0)
oEKL—9 n—(KL-g) n—
KL-g<n<KL, P(n) et HJ &qj+1|jP(0> (31)
aEL—gn— (KL—g) I L
KL—g—1 nn 1 KL-1 = (KL—g) "~ 1 a[‘[ 909 KL—-1

1 Z o qu+1|1+a Z qu+1|l — — H Gy (32)
n! (KL -1YKL —¢)

n=0 n=KL—g
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pressions of the state probabilities. Namely, we get (31), shodepart within timef, and if another one departs between tine
at the bottom of the page, whef0) is given by (32) at the tot+ dt. For a given value of > K L, this probability is given
bottom of the page. Being now provided with the state probabily

ities as given by (31), we can compute the blocking probabiliyr{w € [¢,¢ + dt] | n > KL}

for originating calls, as shown in (33) at the bottom of the page. (KLpt)"~ KL _

We can remark that due to the fact that handoff calls are allowed =KLp W= KL © Klut gt (37)

to be queueds;, is slightly greater than the previol%, even  The expression for the density functier(t) of the waiting

in the casey = 0, because all handoff calls present in the queygne of a handoff call is obtained by summing for all values
will be served prior to any originating call. This will be more il-of 5, in the above expression multiplied by the probability of
lustrated in thewumerical resultsection. Furthermore, the factfinding » > KL customers in the system, as shown in (38) at
that we assume infinite queuing capacity for handoff calls inthe bottom of the next page. After integrating (38), we obtain
plies that handoff calls will be blocked only due to unsuccessftHe probability that a handoff call waits more than a certain time
capturing after beamforming process. This blocking probability Namely, we get

would beln the case that the number of active calls in the cell

exceedd( L, any new handoff call will be queued in an infinite 1 (> 1) :/t w(t) dt

queue. We will treat the more realistic case of finite queue length KL g KL

later, and we will also estimate the average waiting time experi- = g HEL=<) @41, P(0)
enced by handoff calls. Since handoff calls are queued, we shall (KL-1YKL—c) g e
compute the probability that a handoff call being delayed. This —tKL=<) 5 Py (s 0) (39)

quantity is easily obtained from the state probabilities given WherePH (>0) is given by (35). It is interesting to note that
(31) by (35), shown at the bottom of the page. the waiting time turns out to beonditionally memorylesgiven

We can also obtain the probability of a handoff's being dep,,¢ the system is busy. From (38), the average delay for handoff
layed more than a certain tinte This probability is the sum s is

over all possible values > K L of finding » customers in the W — bt di
system, times the probability that there are fewer than K L "= o w(t)

departures from the system in tinie The departure process GKL=9,9 KL—1
from the system when all servers are busy is a Poisson process = H g1, P
with rate K Ly, i.e., see (36) at the bottom of the page. (KL - DWKL = c¢)?
We start the calculation by computing the density function 1
of the waiting timew(¢) of a handoff call. Namely, a handoff - WKL —c) x Py (> 0). (40)

call will have a waiting time betweehand¢ + dt if it finds We recall that we decided to introduce the possibility of queuing
n > KL customers in the system upon its arrivalyif-¢ K L) handoff calls, in order to further decrease their blocking proba-

KL—g—1
Bh= > (1= gup1n)P(n)+Pln2 KL —g)

n=

KL— nn 1 KI—g KL—-1 nn 1 ISL 9 KL—-1
= By = Z (1 = gniapn) — H G+l + ( ) Z H G+l + H L+l
n=IL n=KIL— g j
(33)
KIL-1
By =Y (1= upn)P(n)
KL—g—1 o n—1 KL-—1 IS’L*Qdﬂ*([&’L*Q) n—1
= Bl[{ = ( Qn—|—1|n H Q4 + Z Qn—|—1|n ! G| P(O) (34)
n=FL n=KIlL—g : =0
P {handoff call is delayef= P{n > KL} = Py(>0)
ISL 9 KL-1
P 0) = 35
= H(> ) (KL—l KL—C H qj+1|j ( )
) _ KLut n—KL i
Pr{(n — K L) departures in the systemirsecondg n > KL} = %C_B Lut, (36)

(n— KL)!
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bility, but we were also hoping for a small average waiting timehe fact that we want the queuing process to go nearly unnoticed

An example of the behavior of the average waiting time of tHgy a customer involved in a call.

handoff calls in a network with adaptive array at the base stationWe now investigate the case where queuing is again allowed,

is provided in thenumerical resultsection. From these results,but the queue size is more realistically taken to be finite, equal

we can see that guard channels are efficient in decreasing tineome intege€). We are hoping that the queue size limitation

average waiting time of handoff calls, making the possibility ahight help decrease the average waiting time of calls that are

gueuing handoff calls useful. delayed, since long delays come from customers that find a large
However, what we are really interested in is the average delayeue ahead of them upon their arrival. However, limiting the

of handoff calls that actually do experience a delay. This condiize implies that a blocking probability for handoff calls will

tional delay is simply obtained by dividing the overall averagagain appear. The only change in the state probabilities is that

delay Wy given by (40) by the probability of being delayedthey are now equal to zero farstrictly greater thark'L + Q.

Py (>0) given by (35). This quantity turns out to be indepen©n the other hand, the state probabilitiesdot n < KL + Q

dent of the number of the guard channglsnd is equal to are still given by (31), and the only modification needed is the

expression foP(0). Namely, we have (42), shown at the bottom

D 1 41 of the page, wheré&y(0) is given by
T WKL=¢)
1 KL—g—1 nnl KL—g
Now it is clear that increasing the number of guard channelgaQ(O) - Z n! H T+l T ( )
will only decrease the number of handoff calls that have to be =0
queued, without reducing their average delay. An important re- Kbl nn-l
sult implied by (41) is thatDy is inversely proportional to Z pl H LG+1ly
the number of adaptive bean#. For instance, iftKL > c, n=KL—g = j=0
Dy =~ 1/uK L. Therefore, the average delay experienced by oKL—g.9 KI—1 1_ (’L)QH
handoff calls in a network withX-beam adaptive array i& + KL= H Qi+1]5 X ﬁ
times smaller than that of the network with a single omnidirec- T =0
tional antenna. The need for a small waiting time comes from (43)
w(t)dt= Y P(n)Pr{w e [t,t+df] |n > KL}
n=K1IL
aKL—9.9 ¢ \n—KIL KL-1 (K Lpt)"~ KL
= o=KLt [ Ly dt PO (—) —“
(KL pudt P(0) x ;;L KL H Gt X T KL
aKL—9.9 KL-1 (cpit)= KL
= KLt K Ly dt G0 —
(KL a 1:[0 G+uii _Z (n—KL)!
abm9e9 ep T — (cut)’
= “woy ¢ KLpds Jl;[o gj+11;P(0) 2
aIS’L—gcg —KLut phlng cut
= We YK Ly dt jl;[o @411, P(0)e
al\'ﬁ—gcg o KL-1
_ —pt(KL—c) . .
0<n<KL-g  P(n)=%TI72 ¢+1;P(0)
oKL—g n—(KL—g) ton_1
KL—gSTLSKL P(n)_+H_0 q]+1|JPQ( ) (42)
aKT,—gcn—(Kr,—g) KI—1
KL<n<KL+Q P(n)= (KLY(KLy" <7 Hj;o +11;P0(0)
n>KL+Q P(n)=0
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Now the blocking probability for originating call8g,, (where fact that we now only consider the cakd, < n < KL + Q;

@ denotes the length of the queue) is equal to we get
KL—g,.g
KLy wo(t) =Po(0)— S KL
Bayo= Y. (1=Gu)P(n)+P(n > KL—g) o) =R O TR
- KL-1 Q-1 (cut)
K T—g—1 an nl KL g : H (]j+1|jC_ALHt Z 7 47
= BéQO: Z (1- qn+1|n qu+1|1 ( ) J=0 i=0
NZ,LL_I o After integration, this gives the desired expression for the prob-
c” ability that a handoff call be delayed more thian
Z ' H Qi
n=KIL—g =0 a9y
oKLgpg KL (ICL)Q+1 Fqu (>t):PQ(O)W
—_— X ——ELL | Po(0).
+ (KL—].)' i Q1|5 x KL—c Q( ) KI-1 . (C/J.’L')
’ X H qﬁIIJZ/ KLpe™ dx
(44)
a9
As a check, (44) reduces to (33) if we {gt— oo and to (28) if Pan (>t)=Fo(0) (KL)!
() = 0. Similarly, for handoff calls we can compute the blocking K1 o1 [ (cpt) ,
probability Bf,; introduced by the finite queue lengéh. We % oK Lt i V.
have g Qi ; ; (i—j)! (KL)
KL—-1 (48)
/ _ _ —
Baon = Z:L (= Gnaj)P(n) + Pln = KL + €] Equation (48) can be checked to reduce to (38) when we let

@ — oo. This is best seen by realizing that for — oo the

, Klzg=t o expressionug(t) gives the same expression as (38), since we
= Ban = Z (1 = Gntajn) o H T+l have
n=1IL =0 o-1 ‘
KL—1 I(L—gcn—(I(L—g) li (c/“bt)Z _ cpt 49
+ Z 1 - (Jn+1|n l Qgréo ; 7! = ’ ( )
n=KL—g
oK L—9.Q+g From (47), we can also deduce the expression of the average
. H Gty + W waiting time Wqp of handoff calls. Namely, we have
KI—1 Waon = / twe(t) dt
QH Q
I @41 | Pe(0). (45) 0 ’
j=0 aKL—gcg KL—-1
IPQ(O)W Tj+11j
Again, we can check that (45) reduces to (34} i~ ~o and re- o =0 ‘
ducesto (29) if we lef = 0. We can also derive the probability ) Z /Oo K Lute—KLnt (cut)’ dt
for a handoff call to be delayed, as shown in (46) at the bottom K 1!
of the page. Equation (46) gives zero fgr= 0 and reduces to ST KL-1
(35) if we let@ — oo as we expected. Last, we want the prob- :PQ(O It 1 H i1l
ability that a handoff call is delayed more thiateconds. As in )N ocn =0 Y
the case of infinite queue length, we start by deriving the density o-1 -
function of the waiting time of handoff calls. The computations cy
g p S G+ (KL) . (50)

are completely parallel to the one that led to (38) except for the

=l

P {handoff call is delayel= P[KL < n < KL + Q] = Pqu (>0)
ISL 9.9 KL-1 1 ( : )Q
= Pou (>0) = m X H qj+1)5 #PQ(O) (46)
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Fig. 11. Blocking probabilities of handoff calis8 ) for different number of antenna elemedits with SNR= 20, v = 18 dB,e = 40,c¢c = 8,8 =4ina

two-beam (top) three-beam adaptive array system.

We can simplify

(KL — ¢)?
So finally, we get

KL—g g KrL-1 )
a ¢ Hj:O Ti+1l;

(KL—- DKL -¢c)*p
(- ()

Waon =Pq(0)

1-(Q+1) (A?L)Q +Q([§L)Q+l.

(51)

L0 (é)ml) (52)

In Section VI, the average delay of handoff calls for a network
with adaptive arrays and finite queue siZgy, given by (53),

is to be compared with the average delay of handoff calls with
infinite queue sizeDy given by (41).

VI. NUMERICAL RESULTS

In this section, we present the numerical results to show
the effectiveness of the network with adaptive arrays for
traffic/throughput improvements in a wireless network. We
evaluate the performance of the system with parameters drawn
from [5]. We choose a cell witlh. = 44 channels with a total
offered traffica = 40 Erlangs (heavy traffic) and a handoff
traffic ¢ = 8 Erlangs. The link gain is modeled &5 = 1/d},
whered; is the distance between the base station andtthe
mobile.

Figs. 11 and 12 illustrate blocking probabilities given by (18)
and (29). From Figs. 11 and 12, it is clear that for a given
SNR and threshold, as the number of antenna elemehtsn-

We can now obtain the average delay given handoff calls are
delayedDqn simply by dividing the above expression #fqu

by Pqou (>0), as given in (46). We find that it is again indepen
dent of the number of guard channelsas we expected, and is

equal to

+Q (3%

)Q-l-l

1 1-(Q+1) ()¢
Do = (KL —c)p . 1irL)Q

KL

(53)

créases, th8y decreases. These numerical results confirm that
using a two-beam (three-beam) adaptive array at the base sta-
tion, doubles (triples) the system capacity for a reasonably large
M. Blocking probabilities of originating calls in a three-beam
adaptive array system with the same parameters and-S®R
is illustrated in Fig. 13.

Fig. 13 also illustrates the blocking probabilities of handoff
calls versus number of antenna elemeltsFrom Fig. 13, as

M increasesBy decreases rapidly.
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three-beam adaptive array system.

An important consequence of deploying adaptive arrays
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u = .012/s, ¢ = 8 Erlangs, and. = 44. The average delay
Dy (infinite queue size) for two casds = 1 andK = 2 are

Dy =231s
DH =1.04s

for single antenn&k = 1)
for two-beam adaptive array{ = 2).

The average delaf gy (finite queue siz&) = 1) for two cases
K =1andK = 2are

D H=189s
DiH=09s

for single antenndi = 1)
for 2-beam adaptive arrayi{ = 2).

In any case, we see that from the traffic characteristic point
of view, the network with an adaptive array outperforms the net-
work with a single omnidirectional antenna.

VII. CONCLUSION

A wireless communication network with beamforming capa-
bilities at the base station is considered, and the blocking prob-
abilities of the calls in the system under different traffic policies
for such a network are derived. A novel approach is introduced
that combines the effects of the digital signal processing (adap-
tive beamforming) at the physical layer and the traffic policies
at the network layer on the overall queuing model of a cell. The
effect of signal processing on the queuing model of the cell is
represented by a parameter in the final cell model. The useful-
ness of adaptive arrays for improving the traffic characteristics
of the network is confirmed through analytical as well as nu-

at . . . . .
merical results. Since wireless networks are witnessing a huge

the base station is the significant improvement in the total car-

ried traffic (actual traffic that goes through) in the system.
means that a network with an adaptive array can effectiv
handle higher offered traffic intensitias compared to the net-
work with single omnidirectional antenna. The carried traffic
of great importance for most communication systems beca

ical communication channels to the system becomes infeasible
iN most cases. The result of our analysis confirms that wireless
inetworks with adaptive arrays are very promising in terms of
Traffic improvements in the network.

%rowth and becoming very popular, therefore adding new phys-
e

use

blocked calls basically waste the network resources. Higher car-
ried traffic means a smaller number of blocked calls. It is there-
fore highly desirable to maintain high total carried traffic in the [l
network. The total carried traffic in the system is 2]

(3]

C=(a—c)(1-Bo)+c(l-Bp) (54)

whereC' is the total carried traffic in the systema,is the total 4

offered traffic, andc is the total handoff traffic in the system.
Fig. 14 illustrates the effect of adaptive array on the total car-[5]
ried traffic in the system. In this example, it is assumed that
there arel. = 44 channels available in the system. The total [6]
offered traffica is 130 Erlangs, and the total handoff traffits
8 Erlangs. The total carried traffic for a different number of an- |7,
tenna elementd/ in a three-beam system is plotted in Fig. 14.
Fig. 14 confirms that a network with a three-beam adaptive array
almost triples the capacity compared to network with an omni-
directional antenna and the same number of physical channels.
We also compare the average delay of handoff calls that acl®!
tually do experience a delafdy andDqy (with @ = 1), given [10]
by (41) and (53) respectively. The parameters here are again:

—
o)
—
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