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On the Impact of Antenna Diversity in IEEE 802.11b DCF
with Capture

Zoran Hadzi-Velkov and Boris Spasenovski

Abstract: In this paper, we examined the influence of capture effect with L-fold an-
tenna diversity at the Access Point over IEEE 802.11b DCF. We obtained an exact
closed-form solution for the conditional capture probability in case of ideal selection
diversity, and an approximate closed-form solution for the conditional capture proba-
bility in case of maximum selection diversity in a Rayleigh-faded channel. Obtained
analytical expressions have general significance and can be applied for any other mul-
tiple access wireless network. We also analytically evaluated saturation throughput
increase of the IEEE 802.11b DCF protocol exposed to capture.
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1 Introduction

In classical analysis of random access protocols, it is assumed that all frames in-
volved in collision are destroyed. Although such collisions are imminent in wired
systems, where all frames are received with nearly equal powers, collisions are un-
certain in wireless radio environments. In a typical wireless network employing
multiple access protocol towards some Access Point (AP), the received signals are
subject to deterministic path attenuation, shadowing and fast multipath fading. In
this case, the AP can still successfully decode a single frame from the strongest
received signal, thus increasing the network throughput. This occurrence is known
as the capture effect.

The capture effect has been studied considerably, primarily over its influence
on simple random access schemes, such as the Slotted Aloha [1, 2]. Capture effect
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is also feasible in IEEE 802.11 WLANS [3] that consists of low-power transmit-
ting stations in an indoor environment, as studied in [4, 5]. The impact of the
capture effect over the capacity improvement of IEEE 802.11b Wireless LANs in
multipath-faded channels has been predicted accurately enough by the analytical
approach in [6].

In this paper, we extend the analysis of capture effect by introducing L-fold
antenna diversity at the Access Point in an IEEE 802.11b WLAN. We derived and
compared expressions for the capture probabilities with and without antenna diver-
sity. We also obtained the throughput increase of the IEEE 802.11b WLAN due to
the capture effect with antenna diversity. Additionally, variation of signal strengths
with distance between transmitter and central receiver yields to unequal probabil-
ities of frame capture for stations at different distances, giving rise to the spatial
unfairness into the network.

2 Classical Capture Model

During simultaneous transmission from multiple stations, a receiver captures a
frame if the power of the detected frame P, sufficiently exceeds the joint power
of the n interfering contenders (with signal powers P,) by the capture ratio factor
7o during a certain period (over which instantaneous power is assumed to remain
approximately constant). The probability of this occurrence given n interfering
frames is the conditional capture probability

P
Pe(zgyn) =Pr|y= 2= > z,|. (1)
o) =Pr[r= 5y > 2]

In the case of IEEE 802.11b WLAN, typical values of z, appearing in classic
modulation schemes (z, > 10 dB) are reduced due to the processing gain in cor-
relation receiver during demodulation of frame’s preamble and header. Namely,
they are always transmitted by DSSS/DBPSK modulation by using fixed 11-chip
Barker spread sequence, while rest of the frame can be transmitted at 1, 2, 5.5 or
11 Mbit/s (using DPSK or CCK modulation). We assume that a receiver deter-

mines weather a possible successful capture has occurred during transmission of
the preamble/header part of the frame.

2.1 Propagation model and antenna diversity

Our propagation model takes the deterministic power loss and multipath fast fading
of signals into account. The path-loss exponent for indoor channels in picocells
is typically taken equal to 4. For the purpose of analytical tractability, we used
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somewhat arbitrary assumption for absence of direct path between the transmitter 1
and the receiver (at mutual distance r;) within the Basic Service Set (BSS), which
means the envelope of transmitted signal is Rayleigh-faded. Therefore, signal’s
instantaneous power is exponentially distributed according to the following pdf

fp,(x) = ie_%, x>0 ()

POi

where F; represents the local-mean power of the transmitted frame at the receiver.
The local-mean power itself is determined by Py, = Ar;*Py, where Ar;* is the
deterministic path-loss law, and P is the transmitted signal power. Constants A
and P are assumed to be identical for all transmitted frames.

Using antenna diversity at the AP can effectively combat the presence of the
multiple fast fading. APs typically use two, or more antennas separated by at least
half wavelength so that multiple received signals can be affected by independent
fading. Several strategies of combining the signal from the multiple antennas are
possible, also including some potentially complicated signal processing. We as-
sume two separate types of single antenna selection strategies are employed: max-
imum selection and ideal selection strategies among L antennas. Maximum selec-
tion insures the signal from antenna with the largest received power is selected,
while ideal selection - the antenna with the best performance. It is well studied
how antenna diversity assures improvement of frame error probability, while in
this paper we analyze its impact over the frame capture probability.

2.2 Capture model without diversity (CM 1)

When the stations are not power-controlled, both the local-mean powers and Rayleigh
fading envelopes of received frames differ and represent independent random vari-
ables. Assuming local-mean powers of the single captured and the n interfering
frames are P, Fy,,...,F,,, respectively, the conditional capture probability at the
AP with a single receive antenna can be expressed as in [2]

oo

p. (z9,1) /dp1fp py)- /dpnfp Pn) / dpufPu(pu)

(p1+"'+pn)
—/dplfp p1 /dpnfp Pn ~Li IPO 3)
0
S =
i= 11+ZOP i= 11+zo(,%)74
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where fp , fPl""’ fp, are the power pdfs of the useful signal and each of the n
interferers, respectively, under assumption of their mutual statistical independence.
Variables ri are the random distances from the transmitting stations to the AP re-
ceiver, which are distributed according to identical pdf i(r).

Since all factors in the product of (3) are statistically equal, we can average over
their distance distributions to obtain the averaged conditional capture probability
given n interferers, as the following

7= [0z, )y, @
where h( )d
r. r.
I(ry,z) = [ —H——. S
=

We assumed a single circular BSS with radius normalized to unity with the AP
located in its center and uniformly spatially distributed stations, so that h(r,) = 2r;,
0 < r; < 1. Thus, (5) can be solved as follows

1
1(rg,20) = 1 — 1§ /Zg arctan ——— (6)
"8/

By substitution of (6) into (4), averaged conditional capture probability p_’c(zo,n)
can only be solved by numerical integration.

3 Capture Models with Diversity

In case of L antennas at the AP, each antenna receives an independently faded
signal from the transmitted frame from each of the (n+ 1) transmitting stations.
We denote the instantaneous power of the captured frame at antenna j by P, ;, and
the instantaneous power of an interfering frame from station 7 at antenna j by P, ;.
In presence of diversity, the conditional capture probability can be expressed as

P
Pé(ZOa”) =Pr [?’k = T U > ZO]' 0
i=1 Py

In (7), we assume antenna k is selected for decoding the received signal(s) ac-
cording to the corresponding combining strategy. In case of maximum selection
strategy, antenna k is selected if

Y P> Y Py 1<<L ®)



On the Impact of Antenna Diversity in IEEE 802.11b DCF ... 45

while in case of ideal selection, the condition is

P Fy;
nOk > nol ) 1S]SL (9)
i:lPik i:lPij

3.1 Capture model with maximum selection diversity (CM 2)

We now derive an approximate expression for conditional capture probability at
AP’s antennas, where the signal from an antenna with largest received instanta-
neous power is selected. Capture ratio is assumed to have relatively high value, e.g.
7o > 10. We actually determine capture probability at selected antenna assuming
signal-to-interference ratio ¥, exceeds z,.

It is reasonable to assume that for each of the two sums in (8), the power of
captured signal at any antenna significantly exceeds joint interference power, that
is

P0k>>2 . and POJ>>Z 1< j<L. (10)
i=1
Now, (8) can be relieved to become Py > Fy;, 1 < j <L, ie. Fy = max{POj},
1 < j < L. In this case, p.d.f. of signal at the selected P, is well known

_x 1 _ =
o, () = fp, () =Ll —e 0] o—e T, x>0, (11)
Ou

After developing (11) in binomial series, we introduce it in (3), so (7) can be
expressed as follows

1)/ —(j+1)z ¥ 2
Z0’ /dplfP pl /dpnfp Pn XLZ< ) +)j€ 0= Pou

H(L)< -

= -
VAR i:11+(j+1)20%
L—1

:Z’<J—l—1> JHI—Ir j—HZO( )*4

(12)
Then, we average (12) over distance r.v.s r, and r; to obtain the averaged conditional
capture probability

PE(en) Z (1) eV e alnea,
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where integral /(-) can be calculated according to (6), when z, is substituted with
(j+1)z,. Given z, > 10, there is a match between actual capture probabilities
evaluated by Monte Carlo simulations and the approximate solution (13) calculated
by numerical integration.

3.2 Capture model with ideal selection diversity (CM 3)

In case of ideal selection L-fold diversity, we were able to establish accurate expres-
sions for the conditional capture probabilities. Namely, ideal selection means that
antenna with highest signal-to-interference ratio ¥, is selected, possibly by involv-
ing some complicated signal processing. Therefore, the capture probability of this
antenna needs to be estimated. If there is at least one antenna for which y, > z,, it
will certainly be selected. Thus, conditional capture probability given L-fold diver-
sity can be expressed through capture probability of a no-diversity receiver, defined
as in (3), as follows:

Pe(z,m) = 1= [1 = pelzg,m)]"

1 L

- [1 S 1+Zo(%)‘4] (14)
Lo /L j

:1_;(1) H[1+z0 ) ]

Then, averaged conditional capture probability is calculated as

p_é(zo,n) = 1— ( ) /[I Fo:20)) " h(ry)dry, (15)

where the integral /,(-) is expressed as

1

rO’ZO /

j
0 1+Z (16)

_ 1 1 J F(i r 3 1

~ 12 (%) 2 1(1554_]’54—]’_%),
where , F; (-) is the hypergeometric function. Given j = 1, I,(r,z,) attains the form
of (6). The averaged conditional capture probabilities p¢(z,,n) for three capture
models in function of the capture ratio z;, given N(=n+ 1) = 10 contending sta-
tions is depicted in Fig. 1. It is obvious that for CM 2, the approximate theoretical
solution closely approaches accurate values (determined by Monte Carlo simula-
tions) as z,, increases above 10 dB.
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Fig. 1. The comparison of the three capture models depending on the
capture ratio (N = 10).

4 Saturation Throughput of IEEE 802.11b

We used the results from [7] and [8] in estimating the saturation throughput of
IEEE 802.11b Distributed Coordination Function (DCF) under capture with L-fold
antenna diversity. Thus, the saturation throughput S,,,, of IEEE 802.11b WLAN
(operating in Basic or RTS/CTS access mode) in ideal channel conditions (e.g.
absence of capture) is expressed as [7]

P, PsucL

¢ 17
e (1 - Ptr)c + P Pouc T +Ptr(1 - P”“)T‘ "

In (17), L is frame payload size, P;, is the probability of at least one transmission
in observed time slot, Py, is the probability of a successful transmission assuming
at least one station is transmitting, and o is duration of an empty slot time. T is
the average time the channel is sensed busy by each station because of a success-
ful transmission, and T, is the average time the channel is sensed busy during a
collision. Values of T and 7, differ depending on the network access mode (Ba-
sic or RTS/CTS access, as expressed in [8]) and the additional network operating
parameters defined in IEEE 802.11b specification [3].

Assuming total of N stations contend for the channel during one same initial
slot, the probability of at least one transmission in that slot P;,. can be expressed
through the probability 7 of a station transmitting in a randomly chosen (transmit-
ting, colliding or empty) slot

Ptrzl_(l_T)Na (18)
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while the probability of a successful transmission Py, is

Nt(1—-1)N14+P.

P, uc —
’ P,

(19)

Eq. (19) indicates that, given at least one station is transmitting, probability of
successful transmission Py, is formed by adding the capture probability P, to the
probability of transmission of exactly one station Nt(1 — 7)1,

In a saturated IEEE 802.11 WLAN, probability 7 depends on number of con-
tending stations NV, initial contention window W, and the number of retransmissions
m after which the maximal value of the initial backoff timer is frozen. Refer to [8]
for analytical calculation of 7. Given W =8 and m =5, T vs. N is shown in Fig. 2.
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Fig. 2. Transmission probability of each station in random time slot.

Probability 7 also impacts the overall probability of capture P, as the following

N—1

Pe= Y RipE(zy,i), (20)
i=1

where R; is the probability of i interfering frames being generated in the observed

time slot,
N i+1 N—i—1
R, = it1)" (1-1) . (21)

The frame success probability Py, estimated according to (19), vs. N is dis-
played in Fig. 3 for CM 1, CM 2 and CM 3 (and by using probabilities ? from
Fig. 2). The ideal selection capture model CM 3 produces highest improvement of
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success probability, while the capture model without antenna diversity - the lowest.

0& 4

07 1

0g 4

ns

0 5 10 15 20 25 g 30
Fig. 3. Improvement of success probability Py, for the three capture
models (z, = 10 dB).

By substituting (18) and (19) into (17), one is able to calculate the theoretical
saturation throughput under capture in Basic and RTS/CTS access modes. Given
7o = 10 dB, the plot of Sy, vs. N for the three capture models is depicted in Fig.
4,

If Basic access scheme is utilized (Fig. 4a), capture effect generates obvious
throughput improvement (as compared to the absence of capture, z, — o), which
is further increased by the use of antenna diversity. Conversely, the use of the
RTS/CTS access method (Fig. 4b) contributes significantly to the throughput ro-
bustness of the IEEE 802.11b WLAN under capture. Variation of the saturation
throughput in RTS/CTS mode for both capture models over is bounded within an
interval of 4% for N < 30. Actual value of capture ratio z;, to apply in order to
determine the actual throughput increase depends on the receiver design. Note that
throughput graphs refer to a single IEEE 802.11b BSS where all stations operate at
11 Mbit/s and generate frames with fixed-size payload of L = 1000 octets.

5 Spatial Fairness

Spatial fairness is a measure of the ability of a station within a single BSS cell to
successfully capture the radio channel in function of its location. Our measure of
spatial fairness is the probability of successful transmission Py, in function of the
distance r, of successfully transmitting station to AP.
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Fig. 4. Theoretical saturation throughput of DCF under capture (z, = 10 dB)

For our capture models, Py, vs. r, can be expressed by modifying (19) and
(20). For the three capture models, the conditional capture probability of a test
station at distance r,, from the AP can be expressed as

P£(10>”|r0) = [I(ro,zo]”,

L—-1

PiGonlrg) = X, () (=00 (4 D)

=0 (22)

Phepnlr)=1- ¥ (L) (1) T i+ Dz

i=0 \!
for CM 1, CM 2 and CM 3, respectively.

Now, we modify (20) and obtain the spatial distribution of the capture proba-
bility as follows
N—1

Pe(ry) = Y, Rpe(zg,ilry)- (23)
i=1

Finally, the distance distribution of the success probability can be solved in
closed-form by using (19)

Nt(1—7)N"1+ P(r,)
P

tr

Psuc(r()) = (24)

Fig. 5 depicts spatial distribution of the frame success probability with re-
spect to the AP located in the BSS center for z, =2 dB and 10 dB, and N = 10.
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Fig. 5. Spatial fairness for channel acquisition for the three capture
models (N = 10).

Note that Py, and its spatial distribution are insensitive to the access mode. As
expected, the success probability is higher for lower distances between the trans-
mitting station and the AP, i.e. the stations closer to the BSS center receive better
performance compared to those at BSS edges. We emphasize the graphs refer to
a traffic-saturated network. However, as the traffic load decreases, variation in the
frame success probability with location becomes less significant. As we increase
the number of contending stations NV, closer stations are also favored to some extent.

6 Conclusion

In this paper, we provide an analysis of the capture effect when antenna diversity
with L antennas is employed at the base station. We were able to obtain an exact
closed-form solution for the conditional capture probability in case of ideal selec-
tion diversity, and an approximate closed-form solution for the conditional capture
probability in case of maximum selection diversity in a Rayleigh-faded channel.
Then we applied obtained analytical results for the maximum selection and the
ideal selection strategy in order to theoretically predict the saturation throughput of
a single IEEE 802.11b BSS at 11 Mbit/s exposed to the capture effect. Compared
to the capture model without diversity, the two capture models with diversity of 2
antennas introduce additional increase of the IEEE 802.11b throughput.

We particularly emphasize that the obtained analytical expressions for capture
probabilities with diversity have general significance and can be applied over any
other multiple access wireless network.
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