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ABSTRACT

In this paper we investigate the potential of downlink frequency
domain packet scheduling (FDPS) for the 3GPP UTRAN long-
term evolution. Utilizing frequency-domain channel quality re-
ports, the scheduler flexibly multiplexes users on different por-
tions of the system bandwidth. Compared to frequency-blind,
but time-opportunistic scheduling, FDPS shows gains in both
average system capacity and cell-edge data rates on the order
of 40%. However, the FDPS performance is shown to depend
significantly on the frequency-domain scheduling resolution as
well as the accuracy of the channel state reports. Assuming
Typical Urban channel profile, studies show that the schedul-
ing resolution should preferably be as low as 375 kHz to yield
significant FDPS gain with two-branch receive diversity and in
20MHz. Further, to have convincing FDPS gain the std. of
error of radio state reports needs to be kept within 1.5-2 dB.

I. INTRODUCTION

The ambitious design goal of the 3GPP UTRAN long-term evo-
lution (LTE) is to provide spectral efficiency gains in the or-
der of 3-4 compared to e.g. Release 6 high-speed downlink
packet access (HSPDA) [1, 4]. For the LTE downlink OFDMA
is considered to be the best access technology for providing
high scalability up to large system bandwidths and to facili-
tate advanced frequency-domain scheduling methods. As LTE
is optimized for packet data transfer only, the packet scheduler
functionality assumes great significance. In this paper we study
specifically the potential of frequency-domain multiplexing of
users according to their instantaneous radio conditions. This is
most often referred to as frequency domain packet scheduling
(FDPS), although time-domain scheduling is inherent as well.
Optimal and sub-optimal sub-carrier based adaptation has
been widely studied in the literature, see e.g. [7, 3, 2] and ref-
erences therein. Most studies are conceptual in nature and dis-
regard practicalities such as limited dynamic range, multi-user
multiplexing aspects, amount of signaling overhead, adaptation
uncertainties, etc. Such factors are, however, highly relevant
in practical system design. Recent studies, e.g. [8, 10, 9],
investigate the potential of frequency domain adaptation un-
der less ideal conditions. In [10] the performance of FDPS
in a 100 MHz OFDMA system is reported. Assuming a fixed
scheduling resolution of 640kHz and 10 active users, a FDPS
capacity gain over time-domain proportional fair (PF) schedul-
ing of around 60% is reported. Hence, FDPS appears to be
an attractive method although the conditions in [10] are opti-
mistic seen in relation to LTE; e.g. LTE bandwidth is limited
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to 20 MHz, flexible data rate adaptation per sub-band is hard
to achieve due to signaling constraints, and the radio quality
estimation errors may exceed the levels assumed in [10].

In this study we include those additional aspects and fo-
cus on the conditions required for high FDPS gain in LTE. In
particular, the impact of scheduling resolution in frequency-
domain, scheduling freedom, radio environment, and chan-
nel quality indication (CQI) estimation error on FDPS perfor-
mance is evaluated. Further, the analysis is expanded to include
both average cell-level throughput and coverage performance.
We initiate the paper by describing the basic FDPS terminol-
ogy and approach. This includes details related to the used
scheduling algorithms and the operating conditions. Next, we
present the simulation methodology before moving on to the
simulation results and conclusions.
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Figure 1: Basic FDPS concept and terminology.

II. FREQUENCY DOMAIN PACKET SCHEDULING

The basic FDPS terminology and framework including the
Node-B where the scheduler is based and the user equipment
(UE) is illustrated in Fig. 1. To frequency multiplex users
in OFDMA, the bandwidth (e.g. the number of OFDM sub-
carriers) needs to be divided into separable chunks denoted as
resource blocks (RBs). Chunk based adaptation and user multi-
plexing is preferred for LTE as it reduces the associated signal-
ing overhead. Moreover, coherence bandwidth of the channel
implies that fading is correlated over a group of OFDM sub-
carriers. Two main ways of creating the RBs exist:

e Distributed: The RB is defined by sub-carriers distributed
over the operating bandwidth. No or limited user/selection
diversity exists in frequency domain since all resource
blocks will experience approximately the same average
conditions. Hence, it does not facilitate FDPS but sup-
ports full averaging frequency diversity.
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e Localized: The RB is defined as contiguous sub-carriers;
e.g. isolated to a certain sub-band within the system band-
width (see Fig. 1). The method supports full user/selection
diversity in the frequency domain and thus FDPS. De-
pending on the scheduling algorithm, this method also
supports significant averaging frequency diversity by al-
locating scattered RBs to the same user.

The basic terminology as well as multiplexing examples with
four users are illustrated in Fig. 2. In LTE both multiplexing
methods can be combined.
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Figure 2: Distributed and localized resource block definitions
including examples of user frequency multiplexing.

To yield a high gain of localized RB definition and FDPS
the system must be able to (i) schedule with a resolution that
is sufficiently small in terms of RB bandwidth and (ii) multi-
plex users with a large degree of freedom. Further, the Node-B
needs accurate CQI reports for each RB in order to make opti-
mal scheduling decision and achieve the gain from user multi-
plexing. Accuracy of a CQI report depends on two main factors
(provided that reliable uplink transmission is available): Accu-
racy of the RB/CQI measurement and the signaling resolution
of the CQI report. In WCDMA/HSDPA the CQI measurement
is conducted over a S MHz bandwidth and a 2 ms period. Still,
the equivalent CQI error in the SINR domain is often modeled
as a lognormal error with a 1 dB standard deviation [6]. The
CQI resolution for WCDMA/HSDPA is approximately 1dB.
For LTE with shorter sub-frame sizes we may expect signifi-
cantly larger error levels when considering only a single RB.
In this study we model the CQI error per RB as a log-normal
SINR error in the dB domain with zero mean and a parame-
terized standard deviation. The basis of the considered CQI
scheme is shown in Fig. 3. It provides high FDPS performance,
but is not optimized for the lowest possible overhead.

As a basis for the study we consider the well-known PF al-
gorithm which provides an attractive balance between gain in
coverage and gain in average cell capacity [5, 10]. We as-
sume that we know the equivalent and instantaneously sup-
ported throughput for each user k on each RB b, 7 j,[n]. We can
estimate 7 ,[n] based on the SINR of the RB (using Shannon-
type relation), or the UE may report this value directly (CQI).
Our FDPS then picks user k' for scheduling on RB &' which

maximizes
arg mI?x { Thb ] } . (1)
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Figure 3: Pictorial illustration of the CQI scheme.

Ti[n] is the average delivered user throughput in the past, and
n denotes the current scheduling interval. The average deliv-
ered throughput to user k is calculated by the traditional recur-
sive method [5]. It is assumed that the same number of re-
sources (resource blocks and supported throughput) are avail-
able for the H-ARQ retransmissions. H-ARQ retransmissions
are scheduled and are given same priority as other-user new
transmissions. H-ARQ does not limit the effective user diver-
sity order in our model.

For the studies we use the distributed multiplexing scheme
(D+PF) as a reference, as it stabilizes the RB conditions for all
users. We still use Eq. (1), but now it will only provide user
selection diversity in the time domain since all RBs undergo
approximately the same average channel conditions. As CQI
scheme, only a single wideband CQI measurement is needed,
and we assume that the error and reporting levels are the same
as for WCDMA/HSDPA (in 20 MHz we have a wider band-
width, but an equivalently shorter sub-frame interval).

III. SIMULATION METHODOLOGY

We base our evaluation on the UTRAN LTE downlink param-
eters and assumptions described in [1]. The simulator consists
of a detailed link simulator with a quasi-static network over-
lay which provides traffic modeling, multi-user scheduling, and
link adaptation (LA) including Chase Combining hybrid ARQ
(HARQ). The link-level model is based on guidelines in [1].
Furthermore, the system is based on a simple admission con-
trol (AC) strategy which keeps the number of users per cell
constant. Users download a fixed 2 Mbit packet, and when
the session is terminated a new user is immediately admitted.
Hence, the session time of a user depends on the received data
rates. Users within the reference cell are simulated in detail,
while othercell interference, path loss, and shadowing are mod-
eled as AWGN adjusted to an equivalent G-factor! distribution
corresponding to the macrocell environment in [1]. The aver-
age G-factor remains constant for a user during a session, thus
assuming that the packet call is short compared to the coher-
ence time of the shadow fading. The downlink control and pilot
channel overhead is not considered in these studies.

When the PS has selected a certain set of RBs for transmis-
sion to a certain user, it assumes that each RB is allocated the
same transmission power and transmits using a data rate cor-

The G-factor is the ratio of totally received wideband Node-B/intracell
power and othercell/noise interference at the UE, and is averaged over short-
term fading but not shadowing.



Table 1: Default simulation parameters and assumptions.

Parameter Setting

Physical parameters See [1]

System bandwidth 20 MHz

Cell-level user distribution Uniform

RB bandwidth 375kHz

Number of users (UDO) 10 (default)

Traffic model Single 2 Mbit packet

Power delay profile ITU TU and Ped-A¥

LA delay 2ms

D+PF CQI error std 1dB

FDPS CQI error std 1 dB (default)

CQI reporting resolution 1dB

Modulation/code rate settings QPSK 0.2-0.8
16QAM 0.5-0.9
64QAM 0.5-0.9

H-ARQ model Ideal chase comb.

LA target 10% BLEP (1st TX)

UE speed 3 km/h

UE receiver Freq. equalizer, 1x2

Channel estimation Ideal

Carrier frequency 2GHz

PF filter length (FDPS) 150

PF filter length (D+PF) 300

Initial 7} value log2(1+G /2.5)/UDO%

170 prevent frequency correlation issues the TU channel uses
a 20-tap model, while the Ped-A channel uses a 7-tap model.
+G is based on the first available CQI for user.

responding to the average CQI reports for the RBs. Hence,
the FDPS scheme is sub-optimal compared to more advanced
loading principles, but does not cause excessive signaling over-
head in the downlink and uncontrollable interference issues in
the frequency reuse-1 network. Furthermore, complexity and
convergence of the algorithm is quite reasonable in compari-
son to the advanced loading algorithms. The FDPS decision is
based on available CQI reports which are modeled with errors
associated to (i) measuring inaccuracy modeled as a lognormal
error in the SINR domain, (ii) error due to quantization using
step size of 1 dB and (iii) a reporting delay corresponding to
2 ms (exact delay is not specified in [1] so we use the existing
WCDMA/HSDPA delay scaled for a shorter sub-frame length
in UTRAN LTE). LA is conducted according to a 1st transmis-
sion target BLEP of 10% extracted from link simulations. We
use outer-loop link adaptation to stabilize the 1st transmission
BLEP taking into account link adaptation errors due to incor-
rect CQI reports. The adaptation algorithm uses a target 1st
transmission BLEP of 10% and is implemented by adding an
adaptive offset to the available CQI report for each user. The
offset is updated for each user using direct BLEP estimation
when the UE is scheduled and uses a 0.05dB step-size in the
SINR domain. The “real” channel conditions are then used to
extract the BLEP, and the associated packet error is then mod-
eled. The HARQ process allows a maximum of three retrans-
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missions before reformatting the data for transmission. Control
channel signaling failure is not considered in these simulations.
The default simulation assumptions are summarized in Table 1.

IV. RESULTS

A. FDPS performance as a function of scheduling resolution

As mentioned, the available scheduling resolution is important
for the FDPS potential. In Fig. 4 the RB bandwidth has been
adjusted by changing the number of RBs within the 20 MHz
bandwidth, and the FDPS capacity and user data rate gains over
the distributed (D+PF) scheme are reported. Both channel pro-
files are considered, and as expected less RBs are needed for
high FDPS potential in the environment with the larger coher-
ence bandwidth. The coherence bandwidth of the TU profile is
318 kHz and it is seen that most of the FDPS gain is achieved
with a RB width of 375 kHz, i.e. in the order of coherence BW.
Furthermore, the results in Fig. 4 show the ability of the PF
principle to provide both capacity and coverage gain; the gain
in user data rate at 5% outage is around 50%, while the similar
capacity gain is about 45%.
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Figure 4: FDPS performance versus RB bandwidth.

To show in more detail the behavior of the schedulers, D+PF,
FDPS as well as a maximum throughput scheduler (imple-
mented by hard-coding the denominator in Eq. (1) to a constant
for all users/RBs), we compare the average data rate statistics
in Fig. 5. Although the wideband channel has limited SINR
dynamics for a single user, the D+PF scheduler still provides
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more fairness than the maximum throughput scheduler. Get-
ting another dimension of freedom, PF in the form of FDPS
further enhances the trend and provides a large gain at the 5%
cdf point.
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Figure 5: User throughput cdfs for D+PF, FDPS, and a maxi-
mum throughput scheduler (TU).

B.  Performance as a function of UDO

As doubling the RB count immediately doubles the uplink
CQI signaling and also impacts downlink allocation signaling
needs, we are fixing the number of RBs to 48 in the follow-
ing simulations; corresponding to an RB bandwidth of 25 sub-
carriers or 375kHz. This is also consistent with progress in
LTE [1]. Another condition for FDPS potential is to have a
high number of users available for scheduling; typically de-
noted the user diversity order (UDO). The capacity results for
both the reference scheduler and FDPS are shown in Fig. 6a.
By increasing the UDO, the available PF gain in D+PF is about
20%, e.g. somewhat less than for WCDMA due to the larger
inherent frequency diversity [6]. Even for low UDO, the avail-
able FDPS gain is significant since each user now offers opti-
mization options in both time and frequency domains. The ad-
ditional FDPS gain over D+PF is about 30-50% over the con-
sidered range. In Fig. 6b the user data rate (cdf 5% point) is
plotted versus the UDO. As expected the data rate experienced
by individual user reduces with increasing UDO. However, the
gain in coverage performance improves with UDO. It is about
20-60% over the considered range. Looking at Fig. 6 it ap-
pears intuitively wrong that FDPS provides gain over D+PF
for UDO=1. However, the FDPS is able to do so by averaging
the available CQI reports to provide a very accurate wideband
CQI estimate (now limited by the CQI reporting accuracy).

C. Performance as a function of user multiplexing order

To investigate the importance of scheduling freedom, the ac-
tive number of users scheduled per sub-frame are plotted in
Fig. 7a. Both channel profiles are considered in the simula-
tion. For Ped-A, the available user diversity gain in the fre-
quency domain is comparatively smaller than for TU due to a
larger coherence to system bandwidth ratio. This is reflected
in the results where optimally less users need to be scheduled
per sub-frame. Further, a large number of users are scheduled
per sub-frame on average. This is a non-trivial aspect to sys-
tem design for FDPS since multiplexing a high number of users
involves extensive signaling of allocation details. When a lim-
itation of the multiplexing freedom is needed, this will thus
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Figure 6: FDPS performance versus UDO (TU).

impact the available FDPS performance depending on the envi-
ronment (e.g. less impact for larger coherence bandwidth). To
further investigate this issue we adjust the multiplexing free-
dom by limiting the number of users that may be multiplexed
simultaneously per sub-frame to N. When selecting the num-
ber of users to schedule we take the N best users according to
the instantaneous PF metric averaged over the complete system
bandwidth. For the selected user subset we then use Eq. (1) to
finalize the scheduling decision. The optimization problem is
very complicated since individual scheduling decisions are mu-
tually dependent. The used method is sub-optimum, but com-
putationally simple. The results are shown in Fig. 7b. It is clear
that limiting the multiplexing freedom impacts negatively the
FDPS performance, but significant gain can be achieved even
with 5-7 multiplexed users.

D. FDPS performance as a function of std. of CQI error

As mentioned earlier FDPS relies on the availability of accu-
rate and timely CQI reports. In the previous results we have in-
cluded a significant, but fixed error on each RB CQI report. As
the reference D+PF system can employ a single wideband CQI
measurement to represent the channel state, we assume that it
can be maintained as accurate as originally assumed (lognor-
mally distributed measurement error in SINR domain with zero
mean and 1 dB standard deviation. Reporting accuracy is set at
1 dB). However, the measurement of a narrow RB over a short
time interval may be associated with a large error. As measure-
ment accuracy requirements are not yet addressed in LTE, we
sweep here the standard deviation of the error model on each
RBs CQI measurement. We maintain the 1dB reporting ac-
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Figure 7: Illustration of FDPS multiplexing behavior and the
performance impact of limited multiplexing freedom.

curacy per RB. The FDPS gain over the reference is shown in
Fig. 8 considering both the capacity and the user data rate gain
at 5% outage. It can be seen that both capacity and coverage
performance is highly sensitive to CQI estimation inaccuracies,
e.g., the cell-level gain is halved if the std. of error is 2 dB.
As the error is increased further, FDPS potential diminishes
quickly until a value of around 3-4 dB, where the gain is prac-
tically lost. This gives a clear indication of the requirement for
accurate CQI reports, and that associated signaling errors must
be included in the assessment of FDPS.
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Figure 8: Sensitivity of FDPS performance to CQI error.

V. CONCLUSIONS

In this paper we have studied the potential of frequency domain
packet scheduling (FDPS) within the framework for UTRAN
long-term evolution. We have shown that FDPS needs a
scheduling resolution in the order of coherence bandwidth in

the frequency domain; preferably down to 375 kHz for the TU
profile assumed here. The proposed value does not consider the
overhead in associated channel quality signaling, which needs
to be carefully studied. The FDPS algorithm considered here
is based on the proportional fair principle extended to both the
time and frequency domains. A gain of around 40-50% is avail-
able in cell throughput even for a relatively low user diversity
order and for 1dB std. error in the channel quality reports.
In these conditions around 50-55% gain in user data rates (at
5% outage point) was found. Designing the channel quality
state scheme with sufficient accuracy becomes a challenge in
the system, as we have shown that the FDPS potential is very
sensitive to such errors and should be kept within 1-2 dB. It was
shown how FDPS gain depends on the multiplexing freedom
and that the system should support simultaneous multiplexing
of at least 5-7 users to achieve significant gain.
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