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Abstract: A frame length optimization scheme is proposed for
multi-antenna downlink systems to guarantee diverse delay-
bound violation probability constraints. Due to the difficulties
of extracting the quality of service ( QoS) metrics from the
conventional physical-layer channel models, the link-layer
models named effective bandwidth and effective capacity are
applied to statistically characterize the source traffic patterns
and the queuing service dynamics. With these link-layer
models, the source traffic process and the channel service
process are mapped to certain QoS parameters. The packet
delay-bound violation probability constraints are converted into
minimum data rate constraints and the optimization problem is
thus formulated into simultaneous inequalities. With the
assumption of ergodic block-fading channels, the optimal
frame lengths of single-user and multiuser systems are
calculated respectively by numerical iterative methods.
Theoretical analyses and simulation results show that the given
delay-bound violation probability constraints are well satisfied
with the optimal frame length.
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he last decade has seen an explosive growth in mul-
T timedia applications, which brings an unprecedented
demand for wireless network performance enhancement to
support high-data-rate services with a diverse quality of
service ( QoS ) requirements. In multi-antenna systems,
guaranteeing heterogeneous QoS to multiple users arouses
great concern and remains challenging due to the time-va-
rying fading channel, the co-channel interference ( CCI)
Note that the
frame length of the downlink of multi-antenna systems

and resource competition among users.
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has an obvious impact on the system throughput, where a
trade-off exists between the multiuser diversity gain by
choosing smaller frame lengths and the throughput im-
provement by making frames larger.

The frame length optimization problem has been stud-
ied separately at the physical (PHY) layer and the media
access control ( MAC) layer. The orthogonal frequency
division multiplexing (OFDM ) systems were studied in
Refs. [1—3]. A optimized data transmission scheme was
proposed by optimizing the auxiliary signaling interval to
maximize the amount of payload data transmitted'' |
while the optimal frame size is selected with concern re-
garding maximizing the spectrum efficiency . Besides,
Wu et al. ) formulated the system efficiency as a func-
tion of the frame length, scheduling cost and channel
conditions, and then found the optimal frame length by
dynamic programming algorithms. On the other hand,
this problem was investigated from the MAC-layer per-
spective in Refs. [4 — 6 ]. Igbal et al. "’ studied the
tradeoff between reliability and frame length with the re-
defined reliability function for the binary symmetric chan-
nels and the K-th order Markov channels. In Ref. [6],
the slot allocation and frame length of ad hoc networks
were jointly optimized through a decentralized TDMA-
based MAC-layer scheduling protocol to maximum the
slot reuse. However, instead of complex upper-layer QoS
guarantees, the above schemes were evaluated based on
the PHY-layer parameters including the bit error rate
(BER) or the frame error rate ( FER). Furthermore, us-
ers or terminals were described in terms of the signal-to-
noise ratio (SNR) rather than statistical traffic character-
istics. There remains a lack of cross-layer analysis on
frame length optimization problems with diverse QoS con-
straints as well as appropriate traffic statistics and channel
behavior characterization for multi-antenna systems.

In this paper, we seek to guarantee reliable transmis-
sion under the maximum tolerable delay-bound violation
probabilities by optimizing the frame length of multi-an-
tenna downlink systems. We study the frame length opti-
mization problem with a joint consideration of the trans-
mission rates at the PHY layer and diverse QoS require-
ments at the MAC layer. First, the source statistics and
the queue dynamics are both incorporated, where the data
sources are modeled as discrete-time, finite state, irre-
ducible, stationary Markov chains, and the queue service
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is characterized by the functions mapped to the link-level
QoS guarantees. Different from the conventional PHY-
level channel models which characterize the fluctuations
in the amplitude of the radio signal, the concepts of effec-
tive bandwidth and effective capacity'”™ are applied to il-
lustrate the source traffic pattern and channel behavior,
respectively. Secondly, the maximum tolerable delay-
bound violation probabilities are converted into data rate
constraints. Then, the cross-layer frame length optimiza-
tion problem can be expressed as functions of source traf-
fic parameters, QoS requirements and data rates. With
certain source traffic models and QoS parameters, the op-
timal frame length can be calculated. As a result, reliable
transmission under certain delay-bound violation probabil-
ity constraints is guaranteed, while the quantitative rela-
tionship between the optimal frame length and QoS re-
quirements is revealed.

1 System Model and QoS Guarantees
1.1 System model

Consider a multi-antenna downlink system with a base
station of M| transmit antennas and K users each holding
one downlink traffic request, as shown in Fig. 1. The k-

K
th user has N, receiving antennas with M, = Z N,k=1,
k=1

2, -+, K. Perfect channel state information ( CSI) is
known to the transmitter as well as the receiver, and the
base station collects various QoS requirements from each
user before transmission. We consider a spatially uncorre-
lated stationary and ergodic fading channel with a band-
width B. The channel gain remains constant over a frame
slot and changes independently from one slot to another
based on the channel distribution. Let H, € C**" denote
the downlink channel matrix of the k-th user, where the
entries of H, are assumed to be independent and identical-
ly distributed (i.1i.d) zero-mean, equal variance, com-
plex circularly symmetric Gaussian random variables. x,
e C"*" demonstrates that the data vector of the k-th user

Base station

N ;;1_ I ________________________ - TX
: — | 1 V4
I %12 i 1
! — Precoder i <
i . W, i 2 User
LALLM ' 2 1
— ] o,
I
! Xk,1 L .
[ ! Wireless
| — | Precoder RF | channel
i W, switching i
1 %k,Ny !
: — ) <7 1
T : : i
| — : Y 2
d XK,2 1 User
1 = | Precoder - M, K
I : W. [ YN, K
i *K, N K J:
f Perfect CSI

Fig.1 Multi-antenna broadcast system with precoding and per-
fect CSI feedback

is preprocessed at the transmitter by M, x N, precoding
matrix W,. Then, the N -dimensional received signal of
the k-th user can be represented as

K
y. = HWx, +Hk2 W/'xj +n,

J#k

(1)

where n, e C"*' denotes the additive white Gaussian
noise (AWGN) with zero mean and the covariance ma-
trix o1 N,

With perfect knowledge of CSI, we can cancel inter-
user interference, the second term in Eq. (1), by appro-
priately designing the precoding matrices. After that, the
multiuser multiple-input multiple-output ( MIMO) chan-
nel is decomposed into K parallel noninterfering single-us-
er MIMO links. According to prior analysis of the MIMO
channel capacity, the achievable rate of the k-th user is
given by

m,

R, =In|I, +HWWH| =Y In(1+p,,0.,)
n=1
(2)

where {p,,,n=1,2,--- m.| denote the SNR per receiv-
ing antenna under unity channel gain for the individual
data substreams of the k-th user and {o,,,n=1,2,-,
m, | are nonzero singular values of the equivalent channel
matrix H,W, with m, = rank (H W, ). The equal power
allocation to the transmit antennas is adopted instead of an
adaptive power distribution strategy for the purpose of
simplification, replacing p, , with p.

1.2 Descriptions of QoS guarantees

Generally, QoS parameters at the MAC layer or upper
layers are referred to delay bounds or delay jitter for a
certain minimum rate, while those at the PHY layer are
represented by SNR, BER at the receiver. In this paper,
we assume a time-slotted packet communication model
without the automatic repeat request ( ARQ) protocol.
For each user, packets generated by the source are se-
quentially stored in a queue in the transmit buffer and
grouped into frames before being served in a first-come-
first-serve manner. Let T be the frame or time slot dura-
tion mentioned earlier. To characterize the burstiness of
the arrival traffic, we assume that the arrival stream {A, |
is modulated by a discrete-time, finite state, irreducible,
stationary Markov chain {X,| with the state space S and
the transition matrix Q@ = (¢, ), i,jeS. Thus, the distri-
bution of A, at time ¢ depends only on the source state X,
and the A,’s are independent while in one state of the
chain. Consider a two-state ON-OFF Markov chain with
exponentially distributed ON and OFF period as the traffic
source in this paper. The number of packets generated per
time slot during ON state follows an independent Poisson
distribution of rate «, and each packet has a fixed size N,
in bits.
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Specifically, a packet will be dropped if its waiting
time in the buffer exceeds its given delay bound. When
the ARQ is not employed, a packet is considered success-
fully received at the receiver only if it has not been
dropped due to delay violation and has been correctly re-
ceived through the wireless channel. If D, is the delay ex-
perienced by a source packet in the buffer, then the prob-

max

ability of exceeding a delay bound D, is defined as the
delay-bound violation probability, denoted by Pr (D, >
D). Given the maximum tolerable delay-bound viola-
tion probability as g,, the delay-QoS constraint of the

k-th user can be expressed as
Pr(D, > D) <e, (3)

Hence, our objective is to find the optimal frame length
satisfying constraint (3). Note that parameters D, and
g, show the stringency on delay requirements of different
traffic, i. e. , the more delay-sensitive traffic has a smal-
ler D and &,.

Since we aim to guarantee the delay restriction via opti-
mizing physical layer transmission, it is necessary to ex-
press the constraint (3) in terms of physical layer param-
eters. According to Ref. [ 7], the effective capacity chan-
nel is modeled as the dual of the effective bandwidth
source model. For a source with certain D} and &,, the
effective bandwidth function determines the minimum
constant service rate. On the other hand, the effective ca-
pacity of a channel limits the maximum date rate of a
source with D and g,. In this paper, a statistical de-
scription for packet delay probability is adopted, which
depends on the log moment generating functions of arrival
and service processes, also called the Gartner-Ellis ( GE)
limit. For the k-th user, let A, (0,¢) denote the amount
of bits generated by the traffic source in the interval[ 0,
t). Assume that the GE limit of A, (0,7), defined as

A (z) =lim Hogl Bl exp(2,4,(0,0) |1 (4)

exists and is finite, differentiable for all real z,, here
E{ - | is the expectation operator.

Paralleling Af (z,), the GE limit of the accumulative
service process in [0,7) denoted by C,(0,r) is given by

A (z) =limHogl B, [exp(2,C,(0.0) [T (5)

where the expectation E,, { - | is with respect to all chan-
nel states.
As proved in Ref. [ 10 ], if there is a unique z, >0 sat-

isfying
Ai(z0) + A (=2]) =0 (6)

then the left-hand term of constraint (3) can be appropri-
ately approximated as

Pr(D, > D) =Pr(D, >0)exp(Af ( -z, )D™)
(7)

Assume that the arrival rates of the traffic source are large
enough so that the buffer is always non-empty, with
Pr(D,>0) =1. Hence, a necessary and sufficient condi-
tion for constraint (3) is

Ing,
Dmax

k

Af(-z0) < (8)
Consequently, the delay-QoS requirements of the user can
be guaranteed.

2 Analysis of Frame Length Optimization
2.1 Single-user systems

We first focus on the case where the multi-antenna
downlink system is single-user. According to the system
model, we can derive the degenerate model in a point-to-
point communication system of M, transmit and N, receiv-
ing antennas

yo=Hx +n,
for H e C"™, x,e C"*" and y,, n, e C"*'. With a
singular value decomposition (SVD) , the achievable rate
of Eq. (2) can be simplified as

R, = In ‘INA +HkHllj‘ = ZIH(I +pn,k0-;214k) 9)
Py

where N, is the number of nonzero singular values of the
full rank H,. Based on the aforementioned objective and
constraints, the optimization problem under the single-
user scenario is to discover the frame length region both
satisfying Eq. (6) and condition (8). In the worst case
scenario, we have Pr(D, > D) =g, and then the opti-
mization is equivalent to finding the boundary satisfying
the following binary simultaneous equations

Al(z)) +AS(-20) =0
Ing,
D,:nax

(10)

A/((( _Z: ) =

For any discrete-time Markov modulated process, let
G,(z) =E{exp(zA,) \ X, =i} be the generating function
of the conditional distribution of A, with the source state
X, =i. With the constructed matrix U(z) =[¢,G,(z) ],

the GE limit for a Markov source is"""

1
A'(2) =—logo(V) (11)
where p(U) is the spectral radius of the square matrix U.
In the case of a two-state ON-OFF Markov source,
A} (z,) can be formulated by

A=) =] 3y (2) + /al(z) +4b, ()]
(12)
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where a,(z,) =¢q,, +4,,G,(z,), b(z) =(1-¢q,, -
4,,) G (z,), and G, (z,) =E{exp(zA,) | X, =ON} =
eXP(ak(eXP(Zko) -1)).

Let c, , denote the data rate of the k-th user at time-slot
7. According to the assumptions on physical layer mod-
ules and channel fading, the queue dynamics can be mod-
eled as a discrete-time stationary service process and,
therefore, C, (0, t) can be expressed as C,(0,7) =

vT

2 B(T - §)c,, , where § represents the overhead of
=1

each frame. As the rate sequence {c, ,7=1,2,3, -} is
an uncorrelated process, the limit of Eq. (5) becomes

AL(z) =l E, [exp(2,B(T=8)r) |1 (13)

where r, is the data rate of the k-th user. Since the expec-
tation is with respect to H,, A; ( —z, ) can be computed
if the distribution of singular values for H, is determined.
As mentioned in Section 2, the entries of H, are assumed
to be i.i. d zero-mean, equal variance, complex circular-
ly symmetric Gaussian random variables. Then H H,' is
an N, x N, random non-negative definite matrix and has
n=1,2,- N},

n=1,2,--- N,. Thus, the joint density
]

real, non-negative eigenvalues { A

n?
2
n,k

where A, =
of these eigenvalues is given by'"”

N, N,
exp( — Z A[)HAT"N‘H (A, =)’

i<j

fk(Ak> = N,
Nk!(H(M,—i)!(Nk—i)!)

(14)

Let g, (A,) =exp( -z, B(T-8)r,) with A, ={A,,n=
1,2,--,N, |, and A ( -z, ) can be mathematically ex-
pressed as the N, -fold integral ,

A=) =g [ a0 -]

N,-fold

(15)

where f, (A,) is the joint probability density function of
A,. As aresult, the GE limit of the accumulative service
process can be calculated by iterative methods.

2.2 Multiuser systems

Consider the multiuser systems with all K users. Multi-

ple users share the system resources and the downlink
K

channel. Assuming that M, = 2 N,, there are no extra
k=1

transmit antennas for the eigenmode selection to optimize
the symbol error rate (SER). CCI constitutes the major
performance impairment since data is simultaneously
transmitted to multiple users through the non-orthogonal
spatial channels. Thus, we first design the multiuser

downlink precoders for CCI cancellation by block diago-
nalization ( BD) method implemented with standard QR
decomposition. Letting H, = [H,'---H,' H'  ---H, " de-
note the aggregate channel matrix of the k-th user, the per-
fect CCI cancellation is equivalent to constructing the null
space of H,. The zero-interference constraint is given by

HW, =0 VYk=12,-K (16)

Note that for an m x n matrix @ with m <n, we have
&(I-d ®d) =0. The precoding matrix W, can be con-
structed as a linear combination of the column basis vec-
tors of (I - H,"H,) obtained by the standard QR decom-

K
position. With M, = Y N,, the QR decomposition of
k=1

(I-H,'H,) can be expressed as

T o Vi
I-H, Hk:@kvk:[@k @k][o] (17)
where V, e C"*" is an upper triangular matrix and @, e
U(M,,N,). U(M_,N,) is the collection of M, x N, com-
plex matrices with unit-norm orthogonal columns. With-
out eigenmode selection performed by extra transmit an-
tennas, we can write the precoding matrix W, as

W, =0, (18)

Given the precoders { W, ,k=1,2,--- K|, the constraint
(16) is satisfied and the CCI at each user is perfectly
eliminated. Consequently, the multiuser MIMO channel
is decomposed into parallel noninterfering single-user MI-
MO links and H, = H,0, is the equivalent channel of the
k-th user.

Without eigenmode selection, W, with unit-norm or-
thogonal columns is a function of { H, | j#k,j=1,2,-,
K| and independent of H,. Also, each entry of the
equivalent channel H, is a linear combination of the rows
of H, and the columns of @,. When H, is a complex
Gaussian matrix with i. i. d. entries, the distribution of
H, remains the same as the one of H, because the linear
operations of Gaussian random variance are still Gaussi-
an. Hence, the distribution of the equivalent channel H,
is given by Eq. (14), where {A,,n=1,2,---,N, | are
the eigenvalues of H,.

In multiuser systems, there are K independent two-state
ON-OFF Markov traffic sources respectively correspond-
ing to the K users, modeled by different transition metrics
and Poisson rates {Q,,a,};.,. The GE limit of the arri-
val process for each user is given by Eq.(12). After the
downlink precoding, each user performs on the parallel
independent channel and does not interfere with each oth-
er. Then the accumulative service process in [0,¢) is di-
vided into K parallel subprocesses corresponding to K traf-
fic sources, respectively. Therefore, the GE limit of the
accumulative service process for each user can be ex-
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pressed by Eq. (13) except that the expectation operation
is with respect to the equivalent channel matrix H,.

It is finally proven that the frame length optimization
problem of multiuser systems is an extension of the sin-
gle-user case. Thus, the optimal frame length region is de-
fined as the intersection of all K frame length regions of
each user,

T=N; AT, T,, T} (19)

where T, is determined by Egs. (6) and (8). The opti-
mal frame length of multiuser systems is given by

TK ZmaX{T]*,T;,"‘,T,:} (20)

where T, ,k=1,2,---,K is calculated by Eq. (10).
3 Numerical Results and Simulation

In this section, we assess the delay-bound violation
probability performance of the proposed frame length op-
timization scheme. According to Section 2.2, the frame
length optimization of multiuser systems is an extension
of the single-user case after the CCI cancellation precod-
ing. A point-to-point MIMO system with block Rayleigh
fading channels for performance evaluation is considered,
where the channel coherence time #, =100 ms. According
to the aforementioned analyses, the optimal frame length
depends on the following parameters; 1) System-level
parameters, including the number of transmit and receiv-
ing antennas M,, N,, channel bandwidth B, the overhead
of frame § and the SNR per receiving antenna under unity
channel gain p; 2) Traffic parameters of two-state ON-
OFF Markov sources, including the Poisson arrival rate
a,, the packet size N, and the transfer probabilities ¢, | ,
qi,; 3) Delay-QoS requirements, including the delay
bound D;"* and the maximum tolerable delay-bound viola-
tion probability ¢,. Tab. 1 summarizes values of all pa-
rameters used in simulations, and default values of the
varying parameters are shown between the parentheses.
We vary traffic parameters, delay-QoS requirements and
SNR values respectively to draw corresponding curves of
delay-bound violation probability vs. frame length. Each
sample of the curve is an average of 1 000-run values.

Tab.1 Simulation parameters

Parameter Value ( default)
p/dBm 20 to 40(27)
o,/ (packet + frame ') 0 to 300(100)
i 0to1(0.8)
qx,2 0to1(0.4)
D™ /ms 50 to 300(100)
£ 1075 t0 1072(107%)
M, 4
N, 2
B/MHz 20
8/ms 0.08
N,/B 1 024

3.1 Effect of traffic source parameters

We validate the effect of traffic source parameters on
delay-bound violation probability as a function of frame
length. The theoretical values of the optimal frame length
are numerically calculated by Eq. (10), as shown in
Tab. 2.

Tab.2 Traffic parameters and theoretical optimal frame length

values
o,/ (packet + frame ™) qi Qi T; /ms
100 0.8 0.4 10.9
150 0.8 0.4 20.4
200 0.8 0.4 31.3
100 0.6 0.4 12.3
100 0.8 0.6 14.9

Fig. 2 shows the delay-bound violation probabilities vs.
the frame lengths for five sets of traffic source parame-
ters. According to Fig.2 and Tab. 2, the differences be-
tween the simulation and theoretical results are negligible
in all cases with g, = 1.0, First, the required optimal
frame length with fixed ¢, , and g, , becomes larger as
increases. Secondly, there is a positive correlation be-
tween the optimal frame length T, and ¢, ,, but a nega-
tive correlation between 7, and ¢, ,.

o,/ (packet » frame '), o1 Qrn:

10°— ]

H_H
(=] (= (=]
S

,_
o
I

Delay-bound violation probability

1
12 15

._.
o
b

1 1 1 1 1 1 1 O® |
18 21 24 27 30 33 36 39
Frame length/ms

w
[=)}
o

Fig. 2 Delay-bound violation probability vs. frame length of
traffic source parameters

3.2 Effect of delay-QoS requirements

The curves of the delay-bound violation probability vs.
the frame length with different delay-QoS requirements
are shown in Fig. 3 and Fig. 4, while the theoretical re-
sults are given in Tab. 3. Clearly, the theoretical results
and simulation agree reasonably well. As expected, the
optimal frame length becomes larger along with a smaller
g, and a fixed D;™ since a smaller g, represents the more
stringent delay requirement. Therefore, larger frames are
chosen to transmit more packets and improve the system
throughput. Furthermore, constraints (6) and (8) indi-

cate that services with the same Ing, ( D} ) ~' share the
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same optimal frame length in this scenario, regardless of
different D] and g,. For

services with D™ = 100 ms

example, voice conference
and £, =1.07? and cached
streaming services with D{™ =300 ms and ¢, =1.0°°,
such as e-mail, both require the frame length of 8.9 ms
to satisfy their delay-QoS constraints. As a result, the op-
timization needs to operate only once among these serv-

ices.

10°g, Di™/ms, &;:
. —6—100,10
£10! —=—100,10 3
= ——100,10 -2
=
g_lo-2 —e—150,10 73
g —»—300,10°
£
% 10
=4
=1 -4
§ 10
<
&10°°
[5)
a

106 . .

1
2 4 6 8 10 12 14 16 18
Frame length/ms

Fig.3 Delay-bound violation probability vs. frame length of

different D;"™* and &,

10° D /ms, g, :

—— 50,103
Z 10! —8— 100,102
jg —e—150,103
e
[="
= 1072
S
£
S
g -3
= 1073t
2
-
g 1074}
10—5 1 1 1 1 Il

1 ]
2 4 6 8 10 12 14 16 18 20 22

Frame length/ms

Fig. 4 Delay-bound violation probability vs. frame length of
different D™

Tab.3 Delay-QoS requirements and theoretical optimal frame
length values

D™ /ms & T, /ms
50 1073 15.8
100 10-¢ 15.8
100 1073 10.9
100 102 8.9
150 1073 8.9
300 10~¢ 8.9

Fig. 4 draws the curves of the delay-bound violation
probability for different D;* with ¢, = 10 *. In accord-

ance with the theoretical results in Tab. 3, different D,
results in different values of 7, and the frame length re-

quired to guarantee constraint (3) decreases with the in-
. Since the larger delay bound refers to the

max

crease in D)
less stringent delay requirement, small frames can satisfy
the less delay-sensitive traffic transmission. In Fig. 4,
note that the delay-bound violation probability decreases

max

almost linearly vs. the frame length above 6 ms with D;
=100 ms and D;* =150 ms.

3.3 Delay-bound violation probabilities of different
SNR

In order to validate the effects of SNR on the proposed
frame length optimization scheme, the curves of the de-
lay-bound violation probability vs. frame length are plot-
ted with different SNR values in Fig. 5. A highly accepta-
ble agreement can be observed between theoretical results
and the simulation. Similar to the results in Tab. 4, the
lower SNR results in a larger frame, given certain delay-
bound violation probability constraints. As the frame
length changes, delay-bound violation probabilities of the
higher SNR become more sensitive than those of the low-
er SNR due to larger frames can be more efficient than
smaller frames in consideration of the overhead.

10°

~_~
(=) (=] (=]
e

._.
)
IS

Delay-bound violation probability

1 1 1 ]
9 11 13 15 17 19 21 23 25
Frame length/ms

._.
S)
b

—_
w
W
=

Fig. 5 Delay-bound violation probability vs. frame length of
different SNR

Tab.4 SNR values and theoretical optimal frame length results

p/dBm T; /ms
24 22.2
27 10.9
30 6.2
33 4.0

4 Conclusion

In this paper, a frame length optimization scheme is
proposed for multi-antenna downlink systems to guarantee
diverse delay-bound violation probability constraints.
Concepts of effective bandwidth and effective capacity are
applied to characterize the traffic source pattern and the
queuing service dynamics. Different link-layer delay-QoS
requirements are converted into PHY-layer data rate con-
straints. The cross-layer optimization of frame length is
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expressed as functions of traffic source parameters, delay
requirements and data rates. The proposed scheme opti-
mizes frame lengths of single-user and multiuser systems
over flat Rayleigh fading channels. Theoretical analyses
and simulation results show that delay-bound violation
probability constraints can be well satisfied with the opti-
mal frame lengths. Since the optimal frame length is de-
signed without traffic scheduling, it is of interest to de-
velop optimization schemes under overloaded scenarios.
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