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Abstract In this paper, we address the bandwidth
reservation issue when MPEG-2 encoded VBR video

streams are transmitted over wireless access networks us- .

ing hybrid ARQ schemes to combat channel errors in VoD
services. In addition to the original bandwidth which is
necessary for the VBR traffic, a certain amount of ex-
cess bandwidth has to be reserved for retransmissions re-
quired by hybrid ARQ schemes. Different excess band-
width reservation algorithms are proposed and investi-
gated via simulations. The performance results are then
presented and compared.

1. MPEG-2 ENCODED VOD SERVICES
OVER B-FWANS

During the past years, there has been an increasing de-
mand for broadband video services, such as video on de-
mand (VoD), which require higher bandwidth both in the
backbone networks as well as in the local access networks.
In addition, the 1996 Telecommunication De-regulation
Act has also propelled the development of wireless infras-
tructures. On the other hand, for most of the practical
broadband video services, especially VoD services, mobil-
ity is not a top-priority consideration in the near future.
Therefore, fixed wireless access networks (FWANS), es-
pecially broadband FWANs (B-FWANSs) have attracted
a lot of attention. B-FWANS, using wireless access loops
connecting a fixed customer premise or terminal to the
broadband network, provide an effective solution for new
competitors to capture the broadband local access mar-
ket, due to their fast deployment capability, cost ef-
-fective infrastructure and low maintenance cost of the
overall system. One promising candidate of B-FWANs
to provide broadband services to the home or business
is Local Multipoint Distribution/Communication System

(LMDS/LMCS).1:2

Figure 1 illustrates the system architecture of provid-
ing VoD services from video servers to the end users who
are connected via B-FWANs. The broadband network
is assumed to be an ATM .network. Since a variety of
services will ibe provided ‘in one infrastructure, wireless
ATM (WATM).infrastructure is adopted in the B-FWAN
system as the extension of the ATM network to achieve
ubiquitous connections. Most broadband video services
provided over B-FWANS, including VoD services, will be

0-7803-5668-3/99/$10.00 © 1999 IEEE.

Video DataBases

Center
Offic
I

Brouadband Networks
(Such as ATM )

VoD Server *, Station

Local VoD server

Figure 1. VoD over B-FWANs system architecture.

encoded following the MPEG-2 standard. To provide con-
stant quality video services, MPEG-2 encoded VBR video
programs are expected to be the major traffic type in VoD
services.

Due to the fact that wireless channels are time-varying
and have a high bit error rate (BER), error control is
mandatory in order to guarantee quality of service (QoS).
In the past years, hybrid ARQ schemes which combine
the advantages of FEC and conventional ARQ schemes,
have been proposed to combat channel errors.3~7  For
VoD services, since a set-top box (STB) with a certain
amount of memory (buffer) is installed on the user side,
and the received video data is temporarily stored before
they are removed out by the MPEG-2 decoder, hence, the
real-time requirement for VoD service is not as stringent
as for some other real-time interactive video services. In
our previous studies, we have investigated the feasibility
of applying ARQ-based error control schemes and the ef-
fectiveness of using hybrid ARQ schemes to the transmis-
sion of MPEG-2 encoded video streams over B-FWANs
in VoD services.?10

2. BANDWIDTH RESERVATION FOR
HYBRID ARQ SCHEMES

2.1. Original and Excess bandwidth

Channel bandwidth reservation is necessary in a packet-
switched network to ensure that VBR traffic can be trans-
ported without experiencing long delays. Many studies
have been conducted related to the bandwidth reservation
for VBR traffic when multiple videos are admitted and
multiplexed over broadband networks. However, wireline
channels, which have fairly consistent performance were
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generally assumed in these studies.!?> When transmit-
ting MPEG-2 VBR video traffic over wireless channels
using hybrid ARQ schemes, the- variance of the channel
performance needs to be taken into consideration in the
design and the implementation of the bandwidth reserva-
tion scheme. That is, a certain amount of ezcess band-
width needs to be reserved for the retransmission traffic
at the base station in addition to the original (or normal)
bandwidth required for the video stream.

Most video programs in VoD services are pre-recorded,
information related to the original traffic becomes avail-
able, as soon as the request for a video program is granted
and a virtual connection is setup. Therefore, it is reason-
ablé to assume that this information is available at the

base station. If we let X (i) dencte the original band-

width for the ith video frame, and #(¢) and z(i) denote

the predicted excess bandwidth and the excess bandwidth

actually needed respectively, then the total bandwidth re-
served (X (1)) and actually used (X (z)) for the ith frame,
are respectively

X@E) = X@) +£4), X@) =X(@)+z().

Hence, the residual of the reserved bandwidth for the
frame, e(i), is .
e(d) = X(4) - X(8) = z(3) — 2(3).

. It indicates that the issue of bandwidth reservation for
pre-recorded video traffic is equivalent to the excess band-
width reservation or prediction. In the remainder of this

section, different prediction algorithms are proposed for
excess bandwidth reservation when a type-1 hybrid ARQ
scheme is applied.

2.2. Fixed reservation

The most straight forward approach is to reserve the ex-
cess bandwidth for each frame at a fixed rate, which is
estimated based on the average retransmission ratio over
a relatively long range. If p,. denotes the average retrans-
mission probability, and L is the retransmission limit,
then the average retransmission ratio (P,) and the reser-
vation rate for the excess bandwidth for each frame, b,
can be estimated as

N
1
P = gpl, b—m(z)—axP xﬁ j;XJ ,
where a is a scaling factor close to 1 which is used for fine
tuning, and V is the number of frames over which we are
averaging.

2.3. Static reservation

Intuitively, the excess bandwidth needed for each frame
is proportional to the original bandwidth of the frame.
Therefore, in the static reservation algorithm,

ey

2.4. Dynamic reservation

&) = a x P, x X(3).

In the previous reservation algorithms, the retransmission
ratio P, is calculated by using the average performance
of the underlying wireless channel. To take the variation
of the channel performance into consideration, in the dy-
namic reservation algorithm, the retransmission ratio for
the ith frame P, (7) is predicted dynamically based on the
channel performance for the preceding d frames instead.
That is, if p.(i,d) represents the average retransmission
probability for the d frames preceding the ith frame, then

L
Bo(i) =Y _pe(i,d)yf, (i) = a x B(3) x X(4).
=1
Intuitively, a smaller value for d will give a more accurate
prediction.

2.5. Adaptive reservation

In the dynamic reservation algorithm, p, (i) is calculated
as an average of the retransmission probability for the
previous d frames. If instead, an adaptive algorithm with
a d-order linear predictor is applied, in which the retrans-
mission ratio for the current frame is estimated as a linear
combination of the previous d values, then,

d
=Y wk)P(i—k), 2()=P.3)x X(i),

k=1
where w(k), for k = 1,2,...,d, are the linear predictor
filter coefficients (or weights), and P, (¢ — k) is the actual
retransmission ratio for the frame that is k frames before
the i-th frame.

The predictor coefficients w(k) are adjusted adaptively
based on the reservation residuals. The reservation resid-
ual is given as,

e(i) = z(i) — £(1) = X ([P (é) - r (i — k)],

S utor
where P, (i) is the actual retransmission ratio for frame .
Since the residual e(7) is proportional to X (¢), the relative

residual &() is a more convenient feedback for adjusting
w(k), i.e.,

e(i) -
540 = P.(i) = Y_ w(k)P.(i — k).

k=1

(i) =
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Thus, the square error € of &(¢) and its gradient Ve are
e = E{&())"}, Ve=VE{&(i)’} = —2E{&(i)P:},
where Py = [P,(i = 1), P(i =-2),..., Ps(i — d)].

The adaptive algorithm can be br1eﬁy summarized as!!

e Start with an initial array of predictor coefficients,
wk), k=1,2,...,d.

e For each frame, compute Ve In practice, Ve can be
estimated as Ze(z)P

" e Update w by w=w-0. 5uVe = w+ue( )Py, where
" is the step size which detérmines the speed of con-
vergence, and w is the vector of the predictor coef-
ficients [w(1),w(2),..:,w(d)]. The choice of u is a
trade off between: convergence speed and fluctuation.
A larger p results in a faster convergence, but causes
a larger fluctuation. .

¢ In order to reduce the sensitivity of the convergence
on u, a normalized update equation can be used,

w=w+ Eﬂ%{lﬁ;ﬂ,a where [|P;||> = PP, .

2.6. Best-effort reservation

Once the excess bandwidth fér a frame is predicted,-for
example, by any.of ‘the algorithms discussed above;.a
best-effort (or enhanced) reservation algorithm may be
.achieved by using the knowledge of the previous residuals
or the current status.of the queue.. If the residual of the
excess bandwidth for the prevxous_frame e(i — 1) is used,
then the reservation for the sth.frame can be chosen as .

{ 2(i)+e(i —1), ifei—1)>0
(1), - zfe(z—1)<0

If e(i —1) is positive, i.e., the reserved value for the
previous frame was less than actually required (under-
estimation). Then, the buffered residual that was not
transmitted will be scheduled in the followmg frame in-
terval for transmission in addltlon to the predlcted excess
trafﬁc for the next frame. :

3. PERFORMANCE EVALUATION
3.1. Simulation system

To investigate the performance of different bandwidth
reservation algorithms when a type-I hybrid ARQ scheme
is applied to transmit MPEG-2 video over B-FWANS, the
fixed wireless channel was modeled as the combination of
an ad hoc finite state Markov model® as shown in Fig-
ure 2 and the K-factor Rician fading model.}* Basically,
the K-factor Rician fading moedel captures the short-term
variation of the channel performance, while the Markov

Figure 2. A finite state Markov model of fixed wireless
channels.

model emulates the long-term transition of the wireless
channel states.

For fixed wireless channels as those in an LMDS system,
a line-of-sight (LOS) propagation path from the transmit-
ter antenna to the receiver antenna is usually required.
Therefore, the received signal consists of the waves com-
ing directly from the transmitter along the LOS path (the
direct component, E;) and a number of small waves scat-
tered from adjacent houses, leaves or other scattering ob-
jects (the scattered component, E,). Therefore, the am-
plitude of the received signal follows the Nakagami_Rica
distribution,!* (i.e., Rician fading). When using the K-
factor Rician fading model the channel state is described
by a tuple (K, SNR), in which K = 7%, and SNR is the
s1gnal to noise ratio at the receiver.

The combined Markov model simulates a TDMA
LMDS fixed- wireless channel in the 28GHz frequency
band. The modulation scheme used is w/4-shifted

DQPSK. The BER of the resultant 4 states are 2 x 1072,

4 x 1073, 107%, and 107! respectively. To study the
performance of different reservation algorithms, the aver-
age channel BER is chosen to be approximately 3 x 1073,
The retransmission limit is chosen to be 3. A-clip {(about
3001 frames) of the well-known action movie Indiana
Jones, which contains many car chases and frequent scene
changes, was used in the simulations.

3.2. Summary of simulation results

Table 1 summarizes “the 31mulat10n results on the ex-
cess bandw1dth reserved when using the different algo—
rithms dlSCllSSGd above The performance results, includ-
ing residual pdf (rsd pdf), queue length (ql), and wasted
channel bandwidth (wb) due to underflow, are then sum-
marized in Table 2. For now, we assume that no cells are
ever dropped by the base station, i.e., the queue has an
infinite capacity.

Some studies have shown ‘that VBR traffic is corre-
lated.’®17.  Figure 3 shows the auto-correlation func-
tions (ACFs) of the normal traffic and the excess traffic
of the MPEG-2 encoded VBR video clip, for I-frames only
(upper) and at the aggregatlon of the Group-of-Picture
(GoP) level (lower). Figure 3 confirms that the MPEG-2
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Table 1. Excess bandwidth R’ese’rvgd.

Algorithm excess bandwidth reserved®’
total (arp) ‘ mean (gp)
fix(a=1) 35.02 11.67
staa=1) - 35.05 11.68
dyn(g=2,a=1) 35.01 11.67
adp(d=2,,=0.5) 36.04 12.01
adp(g=2,u=1) 35.71 11.90
dyNpest—ef fort 37.81 12.60

*: the total normal bandwidth required is 482.05M bits.

Table 2. A compérison of the performance for the dif-
ferent excess bandwidth reservation algorithms.

Original Bandwidth
coif e Excasa Bapdwidth ... fo s -4

o S0 250

lag

O.Bf s

ACFs {GoP)

—0.2f -

280

Algorithm rsd pdf ey || ) || WD kny | | B B o I M
mean | std || mean | std || -mean . :
fix(a=1) 0.000 | 12.2 ]| 2059 | 863 || 0.01 ° *
568 (ar1) -0.002 | 5.3 || 56 | 32 || 002 | .
dYamz.azs) || -0.005 | 6.6 12 1.4 001 | Figure 3. ACFs of normal traffic and the excess traffic
adp 4:2’- :0 . 078 | 82 58 | 45 0.35 |of the video clip from Indiana Jones: (upper) I-frames
= dpidnz’u_ﬁ ! 051 196 60 142 024 ] only, (lower) at GoP level of aggregation.
=2, ) . . 2. i
dYlbent—esfort | 21 | 7.9 | 1.3 | 1.8 || 004

encoded VBR video sequence is correlated and has a slow-
decaying tail. We also’observe that the excess bandwidth
exhibit a similar slow-decaying auto-correlation, because
the excess bandwidth is proportional to the original band-
width- statistically. - »

Studies have also shown that serving a highly corre-
lated VBR traffic with a slow-decaying tail at a fixed rate
which is not close to the peak-value, can cause large queue
build-ups and thus result in large delays'®2% and poten-
tial cell losses due to finite buffer capability in practice.
The simulation results as shown in Table 2 confirm that
reserving bandwidth.at a fixed rate close to the average
for the highly-correlated excess traffic results in huge traf-
fic build-ups at the queue due to the accumulation of the
reservation residuals. '

Figure 4 shows the ACFs of the reservation residuals
for the I-frames only (upper) and the aggregation at GoP
level (lower), when the different reservation algorithms
were applied. The ACFs indicate that the prediction er-
rors are not auto-correlated at either the I-frame level or
at the GoP aggregation level when the dynamic or the
adaptive algorithms are used. In addition, the distribu-
tion of the pdfs of the residuals of the dynamic and the
adaptive algorithms indicate that the residuals are Gaus-

sian distributed with a mean close to zero.

Statistically, the excess bandwidth is proportional to
the original bandwidth, and it is a function of the pa-
rameters of the type-I hybrid ARQ scheme including the
retransmission limits and error correction capability. In
addition, the excess bandwidth is a stochastic process,
due to the variations in the performance of the underly-
ing wireless channel performance. Hence, we can observe
from Table 2 that, by reserving the excess bandwidth
based on non-fixed algorithms, a smaller queue capac-
ity is needed at the base station, i.e., shorter delays are
experienced by the packets, in particular, we notice this
for the dynamic and the adaptive algorithms, when-com-
pared to-the fixed reservation algorithm

For the dynamic reservation algorithm, the average re-
transmission probability of the preceding frames is used.
While in the adaptive reservation algorithm, the retrans-
mission ratio is updated based on the d-order linear pre-
dictor, which is a linear combination of the actual retrans-
mission ratio of the preceding d frames. The updates of
the coeflicients of the linear predictor depend on the rela-
tive residuals. Therefore, the adaptive algorithm is more
efficient in adjusting the prediction parameters to reflect
the fluctuation of the channel conditions. Therefore, the
average queue lengths for the adaptive schemes are ap-
proximately half of that needed by the dynamic scheme.
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Figure 4. ACFs of the reservation residual of the video
clip from Indiana Jones when using different prediction
algorithms: (upper) Iframes only, (lower) at GoP level
of aggregation.

The requirement on the queue capacity is. further re-
duced when the best-effort dynamic algorithm is ap-
plied. As shown in Table 2, the mean of the pdf for
the best-effort algorithm has a negative value, indicating
that by serving an additional bandwidth which is equal
to the residual of the previous frame, the probability of
over-reservation is larger than that of under-reservation.
Therefore, the maximum and the average queue length
are reduced dramatically.

However, the downside to making over-reservations is
that more wireless channel resource is going to be wasted
due to underflows, which reduces the overall channel uti-
lization. In addition, the cost for the reduction in the
queue capacity consists of a slight increase in the excess
bandwidth reserved by the adaptlve and the best-effort
dynamic algorithms,

In general, the choicé of the propeér non-stationary
bandwidth reservation algorithm comes:down to a trade-
off among the availability of the channel resource, the
requirement on the queue length (or the queuing delay)
at the base station, and the potential wasted channel re-
source due to over-estimation and underflow. Overall, the
dynamic or the adaptive based algorithms work effectively
when properly apphed as indicated by the simulation re-
sults.
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