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Abstract— In evolving 3G systems, the proportional fair packet fixed transmit power and to utilize every encountered SINR as
scheduling algorithm promises an attractive trade-off between av- efficiently as possible. For this purpose, the dynamic range of
erage cell capacity and user fairness by exploiting multi-user se- the systems is extended through the introductioradzptive

lection diversity in time-shared channels. However, in these sys- duilati df d i di AMC d
tems the option of antenna transmit diversity already exist, whose Modulalion and forward error correction coding ( ) an

performance benefit is dependent on the considered scheduling the possibility to allocate multiple orthogonal spreading codes
strategy. _ _ _ ~ to asingle user [2], [3], [6]. As for the packet scheduling al-

This study focusses on the interaction between proportional fair - gorithm, the transmission scheme adaptation is based on every
packet scheduling and open or closed-loop transmit diversity tech- users'channel quality indication (CQI) feedback.

nigues. The basic interaction is studied by using an analytical . k . ] .
model. Additionally, Monte Carlo simulations are conducted to Other diversity techniques considered f°T3G sys_tems include
study the effect of scheduling delays. open-loop (OL) and closed-loop (CL) transmit diversity (TD)

In the low mobility Rayleigh fading case, the potential average schemes [7], which can also be deployed to improve circuit
cell capacity gain with proportional fair scheduling, compared to  switched traffic connections. CL TD techniques utilize user-

a simple round robin in time approach, is on the order of 60% for feedback to maximize every user's received signal power [7]
single-antenna transmission. It reduces, however, to around 35% !

when dual antenna transmit diversity is additionally deployed. whereas _OL techniques (i.e. _STS’_STTD) e_mpi;p_yce—tlme .
Comparing the performance of the different transmit diversity ~block coding (STBC) [8]. Their achievable diversity order is
schemes to single-antenna transmission, conditioned on propor- comparable. The closed-loop techniques, however, have the ad-
tional fair scheduling, it is found that the closed-loop schemes pro- ditional potential to benefit from an antenna combining (array)
vide a beneﬂ_t over a wide range of tgrm_lngl speeds, whereas Op.en'gain.
loop space-time block coding exhibits limited performance and in . . .
some cases even a loss. In this paper, an analytical system model is formulated to
study the interaction of P-FR and TD for the case where instan-
taneous CQI is used to adapt the downlink transmission data
rate. Furthermore, a Monte Carlo simulation strategy is intro-
duced to study the effect of scheduling delays. Results are pre-

Index Terms— Transmit diversity, multi-user diversity, STBC,
proportional fair scheduling, 1XEv-Do, HSDPA.

|. INTRODUCTION sented using HSDPA as a general framework.
N [1] it was shown that wireless system capacity can be in-
creased if the radio channel resources are allocated to a sin- 1. SYSTEM MODEL

gle user at a time, depending on the user’s instantaneous chang NR Definitions

nel conditions. Assuming a limited amount of flexibility to de- . . .
lay transmissions until a user’s conditions are improved, theTable | provides a summary of the SINR definitions that will

option of devoting the majority of system resources to a siR—e used throughout the paper. Furthermore, the expression 'nor-

gle user at a time has recently been adopted for the downliml'sed’ refers to nprmahsatlon.to Fhe Ipng—term flverage, re-
of CDMA2000 and WCDMA systems: i.e. 1xEV-DO [2] andcelved SINR of user per transmit diversity brancly,. The
high speed downlink packet access (HS[,)PA) [3]. In this con- average is taken over small scale multipath fading, and it is as-

text, different packet scheduling algorithms have been studit%lljjmed that t_rtf Ionr?-:jerm_ avera_gf_ SINR dﬁes not_char:g(le over
[4]. Here, the main focus is on th@oportional fair resource Ime (e.g. neither shadowing variation nor changes in path loss).

(P-FR) scheduler [5], which promises an attractive trade-off - ] .

between cell capacity and user fairness by exploiting chanffel Smplified Model of the P-FR Scheduling Algorithm

quality feedback from all users in the cell. In the system under investigation it is assumed that schedul-
The P-FR principle is to allocate resources to the user whasg can be conducted without consideration of any minimum

radio channel is experiencing a constructive multipath fade aservice requirements (i.e. delay-tolerant, best effort data ser-

to avoid transmitting to a user that is temporally in a destructivéces). It is further assumed that thase station (BS) has an

multipath fade. Furthermore, instead of stabilizing every useiisfinite stream of data to be transmitted to each ofthgueued

receivedsignal to interference plus noiseratio (SINR) through users in the cell. Through an uplink data rate request all users

power control [3], the philosophy is to transmit packet data witinform the BS about their instantaneous channel quality (CQI).
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TABLE |
EMPLOYED SINR NOTATION

SINR ¥1p,; drops below a fixed levey. Here, this probabil-
ity is represented by theumul ative probability density function

Symbol Definition (CDF) P[¥rp.,i <¥]. Under the aforementioned iid assumption,

Vi Instantaneous, received SINR of us@er  the probability that all users’ signal powers fade simultaneously
transmit diversity branch. belowy can be described by the product of their fading CDFs

Vi Average, received SINR of useper trans-  [9], e.g.
mit diversity branch. M

YTD,i Instantaneous, post transmit diversity com- P [U ¥rD,i < )71 =Py, <yM . 2)
bining SINR of usef. i=1

7D, Average, post transmit diversity combining  The round robin in time ofair resource (FR) scheduler also
SINR of user. gives equal access probability to all users, but schedules inde-

YTD,PFRi Instantaneous, post transmit diversity com- pendently of the instantaneous channel quality. Hence, FR does
bining SINR of usef when scheduled. not provide any multi-user diversity, and the FR reference case

V7D PFRI Average, post transmit diversity combining s modelled by setting the exponevitin (2) to 1, independent
SIH\(IjR of useri only averaged when sched- of the actual number of queued users in the cell.
uled.

yTy—F"‘ =YD, Instantaneous, normalised, post transmit

' diversity combining SINR of user C. Transmit Diversity
YTY—?“ =Y Average, normalised, post transmit diver-  The CDF of a flat Rician fading TD combined connection is

sity combining SINR of user, (assumed) based on a non-central chi-square distribution witegrees
as a fixed constant for all the users andof freedom and can for an even number of transmit diversity
equivalent to the mean gain of the em- branches be conveniently described with the help of the gener-

ployed transmit diversity scheme. alised Marcum Q—functio(i)g (a,b) [10]
The P-FR scheduling algorithm time multiplexes the downlink P[¥rpi <y =1—Qn §7 _37 ’ (3)
data transmission between theusers on a petransmit time ' 2\0 ©

interval (TTI) basis which for HSDPA is of 2 ms duration.

Commonly, scheduling priority is allocated to the user wityneres? is the non-centrality parameter aodienotes the stan-
the highest data rate request relative to its received data rgégd deviation of the underlying Gaussian random processes.
averaged over a certain time window [4]. However, as in [5] The normalised mean power of the specular multipath com-
some simplifying assumptions are adopted to enable a SimB'&nent is% , and the normalised mean power of the scattered

analytical mgdel: - . ) multipath components is -22. Their ratio forms the Rician
« The fading statistics of all users drelependent and iden- K-factor

tically distributed (i.i.d.). Users move with the same speed
and have equal access probability. 2
« A user’s achievable data rate is (approximately) linearly
related to its instantaneous, post transmit diversity com-
bining SINR (¥p ). Furthermore, the first moment of the non-central chi-square
« A sufficiently long averaging window is used, so that thélistribution is [10]
average received data rate of a user is stationary.
While these conditions are unlikely to be fulfilled in a real dy-

namic system, they suffice to extract the fundamental relation-

ship between P-FR and TD. Under the above assumptions, ﬁ@Ch.is equivalent to the mean gain of the employed trgnsmit
P-FR decision metric can be approximated by iversity scheme. Solving (4) and (5) farands and inserting

the results in (3) delivers
m_ax(_yTiD’i> = m_ax(&) ,i=1.M. 1)
I \YTD,PFRi i \Y7D,i

(4)

- n.o?’

Yio=n-0°+¢, 5)

PFros <] = 1-Qy (W w> . ®
TD

Seen from a system perspective, the P-FR approach intro-
duces selection diversity [9], which in this case is not used (6) can now be used to describe a simple single antenna
stabilise a single BS-user connection, but rather to assure tbannection (1-Tx), a 2 tx to 1 rx antenna STBC connec-
the BS utilizes the instantaneous, proportionally best conndion (2-Tx-STBC), and an ideal CL 2 tx 1 rx TD connection
tion to any user. This kind of diversity is therefore also know(2-Tx-CLTDi), where perfect knowledge of the radio channel
as multi-user diversity. at the BS is used to perform transmit maximum ratio combin-

To adopt an SINR-related statistical model, a single BS-useg.
connection can be described via the probability that i'ser The parameter settings for the three transmission schemes are

instantaneous, normalised, post transmit diversity combinisgmmarized in Table IlI.
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TABLE Il E. Post Processing of Fading Statistics
TRANSMISSION SCHEME PARAMETERS . . .
Both the analytical and simulation-based models produce

TD scheme YD n multi-user channel fading CDFs reflecting the concatenation of
1-Tx 1 2 TD and P-FR. To study the results in more generally 'measur-
2-Tx-STBC 1 4 able’ terms, this section presents a method for mapping fading
2-Tx-CLTDi 2 4 statistics into capacity.

As mentioned previously, the 3G evolutions use AMC as well
as multi-code transmission to extend the dynamic range of the

D. Smulation Strategy N ' o 2y
_ .__communication system. Here, these mechanisms are simplified
The presented analytical model assumes that schedullnghg hg the assumption aftimal transmission rate adaptation

a BS-L_Jser connection can mstantly_be triggered by the porr(g-ra) and constant transmit power [12]. With this assumption,
sponding CQI. However, in a practical system there eX|stst capacity at a certain average SINR S given by
delay between the channel quality measurements at the user

terminals and the downlink transmission to the scheduled user. +00
Furthermore, closed loop TD schemes rely on antenna weight Cora=B- /'092(1+)7' Vi) pym(Y)-dy, (7)
feedback and are therefore in itself delay sensitive. In the fol- s
lowing, a three-step Monte Carlo simulation strategy is devel-
oped to analyse delay sensitivity. whereB denotes the bandwidth, amd (Y) represents the con-
In the first stepM uncorrelated flat Rician fading traces areatenated fading PDF.
produced with an extended version of the -METRA MIMO Although the selection strategy in (1) assumed a linear rela-
channel simulator [11]. The simulator extension is related tmn ship between a user’s achievable data rate and the instanta-
the fact that these traces incorporate the delay sensitive cameus, post transmit diversity combining SINR, (7) is regarded
bining effects of any applicable TD scheme. For the non-idea reasonable approximation to visualise the effect of P-FR-TD
CL TD simulations (2-Tx-CLTD1 , 2-Tx-CLTD2) the same dis-interaction. Link adaptation inaccuracies, as well as dynamic
crete sets of weights are applied as specified for WCDMA FDi2nge limitations are not taken into account, and the presented
Rel'99 [3], [7]*. In a second step, scheduling decisions areimbers should be understood as indicative showing just the
taken every 2 ms according to (1). They are applied with ardain trends. To obtain more detailed system simulation results
ms delay and remain valid for the whole TTI of 2 ms duratiorthe interested reader is referred to [13].
The final simulation step extracts the fadiprgbability density The ratio of own cell transmitted power to other cell trans-
functions (PDFs) and CDFs based on the selected fading valuestted power is commonly described by tiefactor [3]. Its
Table 1ll summarises the simulation parameters. distribution, pg, (Gi), depends among others on cell geometry
and propagation loss. Under the assumption that other cell in-

TABLE I terference plus background noise can be modelled as AWGN,

SIMULATION PARAMETERS and that in flat fading own cell interference can be avoided with
Parameter/scheme Setting the help of orthogonal spreading codes, the average, received
Carrier frequency 2.15 GHz. SINR of usetri per transmit diversity branch is given by
BS antenna correlation Uncorrelated.
Fading type Flat Rayleigh. Vi=Gi-n, (8)
2-Tx-CLTDi Ideal transmit maximum ra-

tio combining (no delay). . . :

- Tx-CLTD1 Power evenly split be- wheren is the fraction of the own cell transmitted power as-

signed to the considered packet data channel. The average cell
capacity with optimal transmission rate adaptation can then be
calculated as

tween antennas. Discrete
phase weights applied with
90°granularity. Weight

application delay of Footeo

2.0.67 ms. cce,—lzs./ /logz(1+y-n-Gi)-py,M(V)-pei(Gi)ddei.
2-Tx-CLTD2 Power  unevenly  split 0 0

(0.8/0.2) between antennas. 9)

Discrete phase weights  The following cell capacity results are generated using the
applied with 48granularity. ~ microcell G-factor distribution from [14] and setting to 0.5.
Weight application delay of
4-067ms. _ [1l. DISCUSSION OFRESULTS

2-Tx-STBC Ideal transmit maximum ra- e ¢ompined fading CDFs from analytical and simulation
tio cpmbmmg (np delay) ex- method are compared in Fig. 1 for two different user diversity
cluding array gain. orders and the three different antenna transmission schemes. A

P-FR scheduling delay 4 ms equivalent to 2 TTI. good match is achieved as simulation results are generated for
the low mobile speed of 3 kmph, in which case the scheduling
1Currently, only CL TD mode 1 is specified for HSDPA operation. delay only has a minimal impact. It can be seen that in this case,
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into capacity curves using (7). At a user diversity order of 4,
the capacity of 1-Tx is slightly higher than the capacity of 2-
Tx-STBC.

The 1-Tx results in Fig. 2 match closely the selection diver-
sity results in [12]. The capacity of an AWGN channel [12] is
used for performance comparison. Comparing single user 1-Tx
and 2-Tx-STBC to the capacity of an AWGN channel with iden-

) . tical average SINR shows that the STBC scheme comes closer
 [user diversity| | to this upper bound due to a second order transmit diversity.
- |order 4 ] Going to a user diversity order of 4, both schemes outperform
the AWGN channel, which clearly shows the benefit of multi-
user diversity. It has to be said, however, that the selection
process from (1) changes the average, post transmit diversity
combining SINR of all users. For the 1-Tx scheme in Rayleigh

¢ ‘ fading, this average is given by [9]
-20 -15 -10 -5 0 5 10

< 1-1x
:g 2-Tx-STBC
2-Tx-CLTDi
< 1-Tx

. 2-Tx-STBC
. 2-Tx-CLTDi

user diversity
1| |order 1

probability ( amplitude < abscissa)

instantaneous normalised post transmit diversity combining SINR of user i [dB] M
Fig. 1. Simulated and calculated channel fading CDFs Yro,PERi = YD, - Z 7 (20)
i=

P-FR scheduling increases the overall system diversity orderEL‘f‘yd th_e average adjuste_d AWGN capacity (cal. av. adj.) for a
a factor equal to the multi-user diversity order. This is reflectdtper diversity order of 4 is plotted as an upper bound.

by the slope increase of the CDFs in Fig. 1. Furthermore, due td"19- 3 displays the simulation results f0gy; versus the user
increased space diversity the slopes of the 2-Tx-CLTDi and tHiversity order at a fixed speed of 3 kmph. Generally, itis seen
2-Tx-STBC schemes are steeper than the corresponding sidiggd the CL TD schemes outperform the 1-Tx and 2-Tx-STBC
of the 1-Tx schemes. It should be noted that with increased uS&femes. Moreover, 1-Tx outperforms 2-Tx-STBC when the
diversity order, the difference between the schemes decrealS§" diversity order exceeds 2. Generally, the benefit of increas-

which shows the interdependence between the different divi9d the multi-user diversity order is highest for low absolute
sity mechanisms. system diversity numbers. As the user diversity order increases

A more detailed consideration of the results in Fig. 1 reveatPfyom.:I 6-10, capacity gains become marginal. .
that the CDEs of 1-Tx and 2-Tx-STBC cross for a user diver- " F19- 4 Cogr simulation results are plotted for various ter-

sity order of 4. This means that for this user diversity orde'?;mal v(;—:lfounes. It thE spﬁe_d In absystem V;'th i}o usefrs IS In-
the probability of having high SINR peaks (e.g. 4 dB abov(tz,\fea”Se rom 0 FO 60 hmp Mt gan gseen t. ;u.t € per c()jrmange
the average) is higher for the 1-Tx scheme than for the 2-TR- Ia tragsnr]:ssc;pn s¢ emes” %gga es. r\]Mt én(areﬁ\sedttlarm]-
STBC scheme. The reason is that 2-Tx-STBC not only reduq%% speed, the distance travelled during the scheduling delay is

. : i rger, which decreases the correlation between the SINR at the
the severity of destructive fades, but also the probability of er%;mnnel measurement instant and the SINR at the data transmis-

countering very high constructive fading peaks, by effectivefy 2" . .
averaging over two transmit diversity branches. This is not aét/'—on instant. At 60 kmph the traveled distance during the 4 ms

tractive in conjunction with P-FR scheduling, which can mor%ﬁhedu“ng delay is around 0.48 wavelengths. This causes the
channel to becomes almost decorrelated over the scheduling de-

clearly be seen in Fig. 2, where the fading statistics are map[:igy period, in which case P-FR scheduling no longer provides

10

< 1 (sim.), 3 kmph
9H - 2-Tx-STBC (sim.), 3 kmph
1-Tx (cal.)

w
(o)
T

gH @ 2-Tx-STBC (cal) i 36k
— - AWGN  (cal)
7H = = AWGN (cal. av. adj.) 4 341

w
N
T

[b/s/Hz]
[b/s/Hz]

user diversity
order 4

I
w
T

o o
T AT 8 28
© L user diversity i ©
3 order 1 26 - -
< 1-7x (sim.), 3 kmph
2+ . 24| 2-Tx-STBC (sim.), 3 kmph il
2-Tx-CLTDi (sim.), 3 kmph
1 i 29 -5 2-Tx-CLTD1 (sim.), 3 kmph |
’ =¥~ 2-Tx-CLTD2 (sim.), 3 kmph
0 L L 2 Il Il Il L L L L L
0 5 10 15 20 25 30 1 2 3 4 5 6 7 8 9 10
average received SINR of user i per transmit diversity branch [dB] user diversity order
Fig. 2. Optimal rate adaptation capacity Fig. 3. Average cell capacity versus user diversity order
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< 1-7x
2-Tx-STBC (sim) N
2-Tx-CLTDi (sim.)
B 2-Tx-CLTD1 (sim) |
% 2-Tx-CLTD2 (sim.)

It was shown that P-FR scheduling offers a significant gain
over FR for a wide range of terminal speeds and for all transmis-
sion schemes. Under the given assumptions, the 1-Tx scheme
with no inherent diversity benefits the most from P-FR. At a
multi-user diversity order exceeding two, 1-Tx performance is
improved to the point where it outperforms the 2-Tx-STBC
scheme. Looking at absolute, average capacity numbers the
CL TD schemes outperform both 1-Tx and 2-Tx-STBC up to
speeds exceeding 55 kmph. Moreover, at very high speeds,
where the BS loses the ability to track the fading channel,
the link stabilization available with the open-loop 2-Tx-STBC
scheme gains attractiveness.

Frequency selectivity, abrupt other cell interference power
variation, packet data delay constraints, delay sensitive link
adaptation, as well as uplink feedback errors will alter the pre-
sented results and are subject of future work.

(sim.)
user diversity
order 10
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user diversity
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30
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a benefit due to channel tracking problems. Therefore, Fig. 4

clearly shows that in a system with scheduling delays and ter-
minal mobility, the effective user diversity order is not simply[l] e K 4P A Humblet. “Inf § |

- . : . Knopp and P.A. Humblet, “Information capacity and power control in
determined by t_he num_b?r of potential _Conm,aCt,IMﬂ’SbUt also . single-cell multiuser communication,” IEEE International Conference
wether scheduling decisions are applied within the channel’'s on Communications, Seattle, USA, June 1995, vol. 1, pp. 331-335.
coherence time. [2] Qualcomm, “1XEV:1xEVolution, IS-856 TIA/EIA standard, airlink

. . overview,” White Paper Revision 7.2, Qualcomm, Inc., 2001.
Comparing the slope of 2-Tx-STBC with the slope of 1'TX[3] Harri Holma and Antti Toskala, EdsWWCDMA for UMTS, Radio Access

and the delay sensitive 2-Tx-CLTD schemes, it can be seen that For Third Generation Mobile Communications, Wiley, Chichester, UK,

it ; i i ; second edition, 2002.

itis less steep. This can be mterpreted as asign O.f mcreasﬁl:f Robert C. Elliot and Witold A. Krzymien, “Scheduling algorthms for the
rObu§tneSS Of_the 2'.T>.('STBC SCh‘:‘jme towards an increase in ¢4ma2000 packet data evolution,” IEEE 56th Vehicular Technology
terminal mobility. This is one of the inherent advantages of OL  Conference, Vancouver, Canada, September 2002, vol. 1, pp. 304-310.

; _ ; ; ; Jack M. Holtzman, “CDMA forward link waterfilling power control,” in
schemes, and with P-FR there is a terminal speed from whidhl B e e Ty o ! iy 2500,
on one type of diversity becomes more suitable than another. pp 1636-1667.
Here, all presented capacity results have been generated ass[ﬁh{ roels E. Kolding, Ffrwétl):’:/?geriksen. an_th;]r_et;en E-cli\/lggenlsep, “Pker—
. . . . . ormance aspects o systems with high speed downlink packet
ing optimal rate aggptatlon. As can be seen in [13], the nothn access (HSDPA)" INEEE 56th Vehicular Technology Conference, Van-
of increased mobility robustness of the 2-Tx-STBC scheme is

couver, Canada, September 2002, vol. 1, pp. 477-481.
even amplified when the assumption of optimal rate adaptatidl
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