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Abstract— In this paper, we study the joint design of uplink and build the underlying Markov process and show how, using
downlink resources in OFDMA-based systems. We first analyze matrix geometric solutions [6], we can obtain the steadyest
the interactions between uplink and downlink, due essentially probabilities and the performance measures.

to the usage of Time Division Duplexing (TDD) and the TCP . - I .
ACK/NACKSs. This analysis is based on analytical models for Our design is performed within two steps. First, we de-

interference and throughputs that we develop for both directiors.  termine, for a given mix of traffic, the optimal TDD factor,
We next study the capacity of the system using a Markovian anal- i.e. the proportion of resources that we have to give to UL
ysis and matrix geometric solutions. Our performance analysis in order to minimize blocking. The second step is to design,
study allows us to determine the optimal proportion of resources . ,qing this TDD factor, efficient RRM schemes that insure
that has to be allocated to the uplink; In addition to that, we show . - .
that an admission control policy reserving some uplink resources that th"?‘re_ neither of the two links is not a bottglneck foradat
to TCP ACKs may improve the overall capacity of the system. transmissions. We thus show how, by reservation some of the
UL resources to ACK, we are able to enhance the performance
. INTRODUCTION of elastic flows without degrading the overall performance.
The IEEE 802.16e standard [1] is promoted by the World- The remainder of this extended abstarct is organized as
wide Interoperability for Microwave Access organizatiorfollows. In Section I, we describe the results given by our
(WIiMAX) as the system offering broadband wireless accessodel for uplink and downlink capacity of OFDMA-based
for mobile users. Indeed, cellular WiMAX networks based owiMax. In Section lll, we detail the interactions between
Orthogonal Frequency Division Multiple Access (OFDMA)JL and DL caused by TDD and TCP ACKs. In the next
are able to provide high data rates for non-line-of-sight apection we show our analysis based on the Quasi-Birth Death
plications. There is thus an increasing interest in desiyni(QBD) process with a matrix-geometric solution to the syead
efficient Radio Resource Management (RRM) schemes faate probabilities of the system. In Section V, we show
these networks. some performance evaluation results. Section VI eventuall
In this work, we show how to design RRM schemes thabncludes the paper.
jointly optimize usage of uplink (UL) and downlink (DL)
resources. We first develop analytical models for interfeee
and throughputs in WIMAX, taking into account the uplink We consider a WiMAX homogeneous cellular system with
and downlink specificities, such as uplink power control angklls numbered from O to infinity and focus on the performance
adaptive modulation and coding. We then investigate tig& cell 0. The frequency band oV subcarriers is partitioned
simultaneous joint capacity of the uplink and downlink innto C' subchannels, each containidg = N/C subcarriers.
the presence of both streaming and elastic flows, the latfe considerk interfering cells. If we note byY is a vector
governed by TCP at the transport layer, with packets in o¢ zeros and ones whose dimension is equal to the number
direction and ACKs returning back in the other directiorof interfering cells and whose elements correspond each to a
The main difference between those types of flows is thenterfering cell, with the value 1 meaning that collisiorcacs
streaming flows require some constant bit rate but theiicervwith the corresponding cell, it is easy to show that:
duration is independent of the quantity of resources they Yy Yy
get. This is not the case of data flows which first have the PrY)=x""(1-x) (1)
ability to share resources in a fair manner among themselvgsX being the scalar product of with itself, and y the
and second would leave the system sooner if they get masad of a typical interfering cell, defined by the proportioh
resources. Another source of interactions between boks liroccupied subchannels in it.
is caused by the TDD nature of the transmission as the same .
frequency band is used for uplink and downlink transmission Donwlink
In order to analyze the system under the different RRM To evaluate the performance of the system, we must first
policies and taking into account the UL/DL interactions, weharacterize the arrival and departure rates. Detbe the

Il. SYSTEM



instantaneous throughput of a subchannel. This throughptibsen. The lowest transmitted powEr is thus calculated
depends, in addition to the offered bandwidth by subcarriby the following algorithm:
W, on the efficiency of the used modulation and the Bloc 1) Calculate the SINR that can be achieved using the
Error Rate (BLER). This relationship is given by: maximal transmission power,, .

D=MxW xex (1 - BLER) @) 2) Obtain the modulation and coding scheme that corre-

sponds to this SINR.

where e is the efficiency of the used modulation (eqis 3) Calculate the transmission pow®r as the lowest power
equal to 1 bit/symbol for QPSK 1/2 and to 5 bits/symbol that achieves the above obtained modulation and coding
for 64 QAM 5/6). The BLER depends on the physical layer scheme.

characteristics (used modulation and path loss) and on theraking into account this power control, we calculate the
amount of interference. SINR, the average emitted power and the SINR. Note that
In- WIMAX' systems, Adaptive Modulation and Codingthis calculation is more complicated in the uplink than in
(AMC) will be used. The choice of the modulation dependge downlink as the interference depends on the position
on the value of Signal to Interference plus Noise Ratio (SINRf all interfering mobiles in adjacent cells. We thus use an
also calledC/I) through the perceived BLER: The mosintegration of interfering cell surfaces. Because of thek laf
efficient modulation that achieves a BLER larger thd@n'  space, we do not give the details of the calculations that giv

is used. For each SINR value, this leads to a couple @fe average UL ratéV by an iterative calculation.
values (e, BLER), determined by link level curves(C/I)

and BLER(C/I), available in the literature. This gives: I UPLINK/DOWNLINK INTERACTIONS
B The obtained models for the throughputs can be used in
ex (1= BLER) = e(C/I) x (1= BLER(C/T)) order to dimension each link independently. However, this
We then define the resulting functiaR(C/I) = e(C/I) x task is not so easy as there is a strong interaction between
(1 - BLER(C/I)) and use it in the remainder of the papeb)L and DL. These interactions are due to two properties.

for throughput calculations: The first is related to the nature of WiMAX, where UL and
DL connections share the same bandwidth, and the second is
D(C/I) = M x W x B(C/I) () related to the nature of the elastic traffic that generateB TC

In the downlink, a base station emits, for each subchann@K/NACKSs in the opposite direction.
a constant poweP. The SINR in cell 0 for a call situated atp Tpp

distancery from the base station is: ) . L .
0 5 In WIMAX, TDD (Time Division Duplex) is proposed as a
P/Qo

D _ duplexing scheme that requires only one channel for transmi

SINEZ(Y,10) = S X,;q% + Ny @ ting downlink and uplink sub-frames at two distinct timetslo

. o < TDD therefore has higher spectral efficiency than FDD. TDD
where'Y is the vector of collisions)Ny is the background cap, fiexibly handle both symmetric and asymmetric broadband
noise andy/” is the path loss between interfering base statiqpaffic. Moreover, the TDD downlink to uplink ratio can be
i and the corresponding receivel? = r21010, with r; the adjusted dynamically depending on the load of both direstio
distance from base statiarto the receiverg; a normal random This dynamic adjustment will be studied later.
variable due to shadowing and € [2,4] is a constant. The )
corresponding throughput of the subchannel is then given 1 Interactions due to TCP ACKs

Let the uplink be modeled as a server with capacity

DP(Y,ro) = MWB(SINR”(Y, r9)) ) and let the downlink be modeled as a server with capacity
The subchannel being subject to different interfering gpnfi C- The term capacity refers to the net capacity, in number
rations, and possibly allocated to users in several positio Of subchannels.

the cell, its average throughput is given by: Let the arrival of streaming flows be Poisson with mean
_ 5 arrival rate\V in the uplink and\? in the downlink. These
DP = E,,[>_ D”(Y,ro)Pr(Y)] (6) flows are assumed to have a service exponentially distdbute
Y

with mean duration equal t6* or equivalently a mean service
The expectatior®,,,[.] means that the value of the integral igate s = 1/T. Each streaming flow is assumed to use some

averaged over the surface of cell 0. rate R, for instance 64Kbps. Naturally, the service duration
) is independent of the amount of capacity granted to this type
B. Upllnk of flow.

In the uplink of WIMAX, power control will be used in We consider for the time being that those two sets of
order to optimize the battery consumption. The power contrstreaming flows, uplink and downlink, are independent and
algorithm being not yet standardized, we propose the fatigw that the maximum number of such flows in the uplinkNg’
algorithm: As Adaptive Modulation and Coding (AMC) isand in the downlinkV?; NV < CY and NP < CP. If we

S

used, the best achievable modulation and coding schemeaiis to model interactive streaming traffic, such as telephon



the number of flows of this type of traffic should be the same Now, define the composed variabe!? = XUV + (1 +
in both directions. N*)XP, and consider the procesX = (XU?,X.). The
Let ). denote the arrival rate for elastic flows in theprocessX(t) is a finite homogeneous Quasi-Birth and Death
downlink. We assume that they are also subject to admissi@BD) process with infinitesimal generat@, of size (NU +
control and that the maximum number of data flowsNis, 1)(NP + 1)(N, + 1), given by:
NP < CP.
Once in the system, we assume that a data packet flow
generates instantaneously a corresponding stream of ACKS i
the opposite direction. Now this overall data flow, packets Q=

B A 0 0
Ay Ay Ay O
0 Ay A Ay ..
0o . 0

and ACKs, shall take the minimum capacity between the A A 4
bandwidth left over by streaming flows to process data packet 0 02 Al BO
2 2

in one direction and the bandwidth left over by streaming flow

in the opposite direction to process smaller size ACKs. where Ay, A; and A, are square matrices of sizeVU +

We adopt a scheduling scheme that gives priority to voiclg(ND +1) which we denote bV (Recall thatNV and NP
flows over data ones. Based on this, data flows share (fairhk the maximum number of streaming flows that are admitted
the ava|lz_ible capacity Ie1_‘t over by st_reamlng ones. Each dg} ine system in the uplink and downlink respectivelyl),
flow obtains on average in the downlink, sorfig throughput represents the data flows arrivals, with arrival rates at the

given by: diagonal, A, represents their departures, with mean departure
_ TP(XP(1) TYV(XY(t)) spb rates, given by the achieved rates and divided by the mean file
R = min( XP@) ' XD <) (7) size, at the diagonal tood; corresponds to the arrival and

departure of voice flows. It is tri-diagonal, with mean aafiv
where X, is the number of concurrent data flows in theates at the upper diagonal and departure rates at the lower
downlink, X' (resp.X”) is the number of streaming flows ingne. The diagonal entries are simply the negative sum of all
the uplink (resp. in the downlink}, is the number of packets gther entries at the same row, which are arrival and degartur
acknowledged by a cumulative ACK, is the packet size and rates of voice and data flows, so as to make the sum of the

sq is the ACK size.T;” andT,” are the throughputs achievedglements of the row of) equal to zero.B; = A, + A, and
by elastic calls in the uplink and downlink, respectivelyp, — A, 1 A4,.

calculated from the previous section: The stationary probability of having, = i is now obtained
TV (xV) = (¢V — XV)DY using the modified matrix-geometric solution [7]:
TP(xP) = (cP - xP)DP me(i) = v18] + 2850 <i < Ne
e S S

Remark 1. It should be clear that the resources used by datf1ereS: is the solution to:
flows are function of their number as well as the number of
streaming calls in progress in the system, i.e., we should ha Ao+ S1 41 + ST Ay (10)
written R.(X) whereX is a vector denoting the number of . . I
streaming and elastic flows. We however dipfor the sake and Sy is the solution to the dual equation:
of notational convenience. )

We assume that data flows are also subject to admission Az + 5241 + 53 Ao (11)

control. LetNe be the maximum number of elastic flows. Vectorsv; andvy are obtained from the following boundary:

IV. ANALYSIS | B, + 5 A, SNeUS By + Ag) | 00
Now, our model can be solved as follows [5]. The numbe 12 SNe=1(S, By + Ay) By + Ry Ay =
of streaming flows in progresX(t), i = U, D, is a birth-

death process with parameteké and i,. The steady state @nd normalization condition:

probabilitiesr(.) are given by the Erlang formula as: ZNe gJ
) [’Uﬁ)g][ %V:CO §‘|€:1
; L ()" 2705
7T()(s =)= Ni (pi)k ] (8)
Ykto o U where N, = (NY + 1)(N2 +1).

wherepi = \i /p,. Solving forS;, i = 1,2, can be done recursively as follows:

. The bIoc.king probabilityB:, i = U, D, of streaming flows S = (Ag+ ST + $2A) D!
is given by:
N starting fromS = 0.
B! = .1 (pS)‘ - (9) MatricesT and D are such thatl; = T'— D, T having zero
° ZkNg M N¢! diagonal andD a diagonal matrix, positive and invertible.




The blocking probabilities for both uplink and downlink for
elastic flows is given by:

T
Best effort
08l —+— Streaming uplink

Be =T, (Ne) (12) —— i\[:rzrlring downlink |

The mean number of data flows is given by:

Ne 2
. . €05
= Z]ﬂ'e (]) (13) g
3=0 8 oar
o
and eventually the mean transfer time is: 03t
Xe 0.2
T.— — = (14) |
© )\e(]- - BE) 0.1
V. PERFORMANCE EVALUATION o ‘ S
In this section, we consider a WiMAX system subject to 0 O roportion of resources given o uplink '
the following mix of traffic:
1) Streaming traffic in both uplink and downlink with Fig. 1. Blocking rates function of the TDD UL/DL factor.

arrival ratesAY = AU = 0.01 calls per second, each
call having an average duration of 100 seconds.

2) Elastic traffic in the downlink with an arrival ratJefj = 800
AY = 0.01 calls per second. Each connection generate
a flow of ACKs that shares the capacity with streaming 700¢
calls in the uplink.

A. Optimizing the TDD UL/DL factor

We first consider a system Where the proportion of resource
given to UL, i.e. the ratios +c , is variable. We plot in
Figure 1 the blocking rates for elastlc UL streaming and DL
streaming calls, in addition to the overall blocking ratee W 300l
can see that, even if the minimal blocking for UL and DL
streaming is attained when the resources are equally shar 2001
(as the streaming traffic is equal in both directions), the
overall blocking is minimal for another capacity share (30% 100, 02 oz 05 o8 1
of resources allocated to uplink) due to the presence of th Proportion of resources given to uplink
best effort traffic.

On the other hand, Figure 2 plots the average file transfer Fig. 2. Average download time function of the TDD UL/DL factor
time function of the UL/DL ratio. We can see that this
download time has also a minimal value. In fact, for a small
downlink capacity, the throughput is limited by the lack of VI. CONCLUDING REMARKS
resources, while for small uplink capacity, the ACKs cannot
be sent leading to a slowed transmission.
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. ) In this paper, we studied the global capacity of a WiMAX

B. Capacity reservation system taking into account interactions between uplink and

In this section, we consider the optimal UL/DL ratio foundlownlink. These interactions may result from the TDD nature
in the previous section and try to find a way to further enhancé the transmission (both directions share the same band-
the performance. To do so, we adopt a capacity reservatioidth), or else from the TCP ACKs generated by downlink
scheme where a part of the uplink capacity is reserved to T@Ristic flows on the opposite side. We developed models for
ACKs. We plot in Figure 3 the average download time functiotihroughputs and capacity in both directions of a WiMAX
of the proportion of uplink resources reserved to ACKsystem, taking into account the inter-cell interferencel an
We can see that, when this reserved capacity increases, tttee power control. We then analyzed the system, using these
download time decreases dramatically, before being &eHil models and matrix geometric solutions to find the stead stat
However, this capacity reservation has a drawback, ibtistt probabilities of the underlying Markov chain. This anadysi
in Figure 4, where the blocking rate of uplink streaming<allhas lead to a performance evaluation study where we showed
is shown to increase. A good compromise is thus by reservihgw, for a given traffic mix, how to optimize the proportion
a small percentage of the capacity to ACKs (e.g. 25%). Thig capacity given to uplink and, within these uplink resasc
will result in a large decrease of download times, with athe subchannels reserved to TCP ACKSs in order to insure good
almost constant overall blocking probability. download times.
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Fig. 3. Average download time function of the capacity resdrto ACKs
in the uplink.
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