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Abstract—The air interface of the UMTS Terrestrial Radio

uplink and downlink signals can occur between two mobile sta-

Access (UTRA) covers both a frequency division duplex (FDD) tions or between two base stations within one carrier or between

part for the paired bands and a time division duplex (TDD) part
for the unpaired bands of the UMTS spectrum. Universal Mobile
Telecommunication System (UMTS) is the 3rd-generation mobile

two operators. This interference is evaluated by system simu-
lations in the paper. Synchronization and coordination require-

communication system. This paper presents an interference eval- ments of UTRA TDD are evaluated based on the results.

uation of the UTRA TDD. Since both uplink and downlink share

The paper is organized as follows. The main differences be-

the same frequency in TDD, the signals of the two transmission tween FDD and TDD operation are introduced in Section Il, in

directions can interfere with each other. This interference can
occur between two mobile stations or between two base stations
within one carrier or between two operators. The interference

general, and between UTRA FDD and TDD physical layers in
Section Ill. The possible interference situations between uplink

between uplink and downlink is evaluated by system simulations and downlink in TDD are described in Section IV. The system
in this paper. Synchronization and coordination requirements of simulation platform is introduced in Section V, followed by the

UTRA TDD are evaluated based on the results.

Index Terms—Network synchronization, time division duplex
(TDD), UMTS Terrestrial Access (UTRA).

I. INTRODUCTION

HE SPECTRUM allocation for UMTS is shown in Fig. 1:
for UTRA FDD 2 x 60 MHz and for UTRA TDD 15+

20 MHz are allocated. Both FDD and TDD modes are neededEIF
fully utilize the existing spectrum. In ETSI, the air interface for
the 3rd-generation system (UMTS Terrestrial Access, UTR
is WCDMA for the paired FDD (frequency division duplex)
bands and TD/CDMA for the unpaired TDD (time division du-
plex) bands. UTRA FDD is suitable for large coverage areas,
and it is also able to provide bit rates up to 2 Mb/s in small
cells. A detailed description of the WCDMA FDD networks
and their planning can be found in [1]. UTRA TDD is partic-
ularly well suited for small cells and for asymmetrical traffic.
Asymmetrical traffic refers here to the case where the total ca-
pacity need for uplink and for downlink is different. The FDD
and TDD modes have been harmonized to a large degree during
the standardization work in ETSI and later in the 3rd-Genera-
tion Partnership Project (3GPP) to ease a dual mode implemen-
tation. 3GPP has combined the standardization efforts from sev-
eral standardization organizations and the term UTRA in 3GPP
stands for Universal Terrestrial Radio Access. The 3GPP speci-
fications are available from [2]. The main features of the UTRA
TDD mode are presented in this issue in [3].

In all TDD systems, uplink and downlink share the same fre-
qguency and, therefore, the signals of the two transmission di-
rections can interfere with each other. The interference between

Manuscript received August 1999; revised February 28, 2000.

H. Holma and A. Toskala are with Nokia Networks, FIN-00045 Nokia Group,
Finland (e-mail: harri.holma@nokia.com).

S. Heikkinen is with the University of Oulu, Telecommunications Laboratory,
FIN-90571 Oulu, Finland.

O.-A. Lehtinen is with Nokia Mobile Phones, FIN-24101 Salo, Finland.

Publisher Item Identifier S 0733-8716(00)06107-2.

analysis of the simulation results within one operator’'s band in
Section VI, and between two operators in Section VII. Finally,
the summary of the results is presented in Section VIII.

Il. TIME DIvISION DUPLEX OPERATION

There are a few characteristics that are typical of TDD sys-
ms and different from the characteristics of FDD systems.
ﬂose characteristics are listed briefly below, and they apply
so for UTRA TDD and FDD.

Utilization of the unpaired bandrhe TDD system can be
implemented on an unpaired band, while the FDD system
always requires a pair of bands. In the future it is more
likely that unpaired spectrum resources are cleared for
UMTS, because no pair of bands, with reasonable duplex
distance, is required for the TDD operation.

Possible interference between uplink and downiBikce
both uplink and downlink share the same frequency in
TDD, the signals of the two transmission directions can
interfere with each other.

* Flexible capacity allocation between uplink and downlink

In TDD operation, uplink and downlink are divided in the
time domain. Itis possible to change the duplex switching
point and move capacity from uplink to downlink, or vice
versa, if the capacity requirement is asymmetric between
uplink and downlink.

Discontinuous transmissionThe mobile and the base
station transmission are discontinuous in TDD. The
discontinuous transmission sets requirements on the
implementation. Switching between transmission direc-
tions requires time, and the switching transients must
be controlled. To avoid the overlapping of uplink and
downlink transmissions, a guard period is used in the end
of each slot.

Reciprocal channelThe fast fading depends on the fre-
guency and, therefore, in FDD systems the fast fading is
uncorrelated between uplink and downlink. As the same

0733-8716/00$10.00 © 2000 IEEE
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Fig. 1. UMTS spectrum allocation.

TABLE |
COMPARISON OFUTRA TDD AND FDD PHYSICAL LAYER KEY PARAMETERS
UTRA TDD UTRA FDD
Muitiple access TDMA, CDMA, (inherent CDMA, (inherent FDMA)
method FDMA)
Muitirate concept multicode, multislot and muiticode and OVFS
orthogonal variable spreading
factor (OVSF)
Channel allocation slow and fast dynamic no DCA required
channel allocation (DCA)
supported
Capacity allocation 5 MHz carrier divided 5 MHz for uplink
between uplink and between uplink and downlink. 5 MHz for downlink
downlink Downlink / uplink capacity
can be adjusted between
2-14 out of 15 slots.

M1>BS1 BS1>M1
) ) o Cell 1 | m
frequency is used both for uplink and downlink in TDD,
the fast fading is the same in uplink and in downlink. AM2-M1 interference
Based on the received signal, the TDD transceiver cane:  ~» T
timate the fast fading which will affect its transmission. M2-BS2 BSooM2
The knowledge of the fast fading can be utilized in power \
control and in adaptive antenna techniques in TDD. Different
asymmetry

I1l. UTRA TDD PHYSICAL LAYER
Cells are frame

synchronized

The physical layer of UTRA TDD is a combination of TDMA
and CDMA access methods (see [3]). The 10 ms frame is di-
vided into 15 time slots, each of which can support parallEig: 2. Mobile-to-mobile interference at the cell border.
CDMA spreading codes with a maximum spreading factor of
16. The channel estimation is based on the midamble coge. pobile-to-Mobile Interference
Table | presents a summary of the UTRA physical layer param-

eters that are relevant for the interference evaluation. A case with mobile-to-mobile interference is shown in Fig. 2

where the mobile M2 is transmitting and the mobile M1 is re-
ceiving in the same or adjacent frequency bands in adjacent
cells. The cells here are frame synchronized, but a different
asymmetry between uplink and downlink is used in those two
A. TDD Interference cells. Mobile-to-mobile interference is statistical because the
locations of the mobiles cannot be controlled. Therefore, mo-
e-to-mobile interference cannot be avoided by network plan-

IV. INTERFERENCEBETWEEN UPLINK AND DOWNLINK IN TDD

Since both uplink and downlink share the same frequen
band in TDD, the uplink and downlink signals can interfere wit| ing.
each other. This kind of interference occurs if the base stations
are not synchronized. The interference can be present also if the
division between uplink and downlink is different in adjacent”
cells, evenifthe base stations are frame synchronized. The interBase station-to-base station interference occurs if a base sta-
ference between uplink and downlink occurs between two mien is transmitting and another base station is receiving in the
bile stations and between two base stations. In FDD operatisame or adjacent frequency bands in adjacent cells. Base sta-
the duplex separation prevents the interference between upliith-to-base station interference depends heavily on the path
and downlink. The interference between uplink and downlink lless between the two base stations and, therefore, this interfer-
TDD is studied also in [4] and [5]. ence case can be controlled by network planning. This interfer-

The uplink and downlink signals on adjacent frequencies cance can occur within one operator’s band and between different
interfere with each other and, therefore, the interference baperators’ base stations. The interference scenario within one
tween uplink and downlink signals can take place also betweeperator’'s band in shown in Fig. 3 where the base stations in
two operators. adjacent cells are interfering each other. In the case of different

Base Station-to-Base Station Interference
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Fig. 3. Base station-to-base station interference between adjacent cells.

TABLE 1l

THE EFFECTS OFt ¢

In order to model nonsynchronized frames or different asymme-
tries, the method used in [6] was adopted.

Allinterference caused by the other users in the cell of interest
and the other cells is considered as an increase in the noise level

] Bs;'to-Bs .I\:Isr-‘to-MS | ?S;fto—MS ] ntnsr}to-Bs at the receiver. Ideal power control is assumed, thus all desired
interference | interference | Interference | Interference  iqnals are received at the same power level at the base station.
small foy low low high high ) | " o -
large toy high high low low The bit energy-to-noise density ratio is therefore given by

operators, the base stations can be closer to each other or even = -

E, P, - PG

P (M —1) 17 @

No

collocated.

where
P,, signal power received from the desired user;

number of users;

V. SIMULATION PLATFORM

A simulation platform was generated to evaluate the interfer—M .
ence scenarios in TDD operation. Operation during one time slot’ thermal r]0|se power;
is considered. It is assumed that the time slots in different cellsPG ~ processing gain.
have some time offsets. The effects of.g are summarized Equation (2) assumes a conventional matched filter receiver. A
in Table 1l. Smallt.z corresponds to the case where the uplingint detection receiver would cancel part of the intra-cell inter-
transmissions occur at the same time in adjacent cells, andfétence between mobile and base station, but it would not cancel
overlapping of uplink and downlink occurs. Sm&lk leads to inter-cell interference between two mobile stations or between
low base station-to-base station (BS-to-BS) and mobile-to-mi@vo base stations. In theory, a joint detection receiver could also
bile (MS-to-MS) interference, but higher mobile-to-base stéry to remove inter-cell interference, but that is not considered
tion (MS-to-BS) and base station-to-mobile (BS-to-MS) inteifeasible from the implementation point of view with today’s
ference. Conversely, increasing; results in higher BS-to-BS technology, neither does the UTRA TDD network provide sig-
and MS-to-MS interference and lower MS-to-BS and BS-to-Mgalling information of necessary parameters used in other cells
interference. or by other mobile stations. Therefore, for simplicity, a joint de-
With t.g¢ as the absolute frame offset ahgl; the duration tection receiver is not considered here.
of one time slot, the frame synchronization error is given by the Solving (2) for M yields

ratio
PG n
= toﬂ/tslot- (1) MO B E N P,T +1 (3)
No

The effects of the frame synchronization ersowere evaluated

as shown in Fig. 4. Networkis the source and networkis the where M, denotes the single cell capacity without the contri-
sink of the interference. The value afdefines the relation be- bution of the additional inter-cell interference. The inter-cell in-
tween the interference caused by mobiles and the interferetederence can originate from inter-cell mobiles or from neigh-
caused by base stations during the time slot under consideratimoring base stations.
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Fig. 5. Simulation scenario for TDB> TDD cochannel interference.

The uplink capacity is expressed in terms of the remainirzpyond the second tier around the center cell do not contribute

capacity given by the ratio [6] significantly to the interference levels.
The assumed propagation model is the COST 231 indoor of-
M 1 fice model without floor losses, and is given by
—=1- . (4)
Mo - L(dB) = 37 + 30 log(d) )
Ey

- where d is the transmitter—receiver distance in meters. Log-
No normal shadowing witl- = 10 dB is assumed.

M /M, = 1indicates that the additional inter-cell interference
does not reduce the capacity in the cell of interest, whereas
M /M, = 0 means that the capacity is completely destroyed The simulation results for a cochannel interference scenario
in the time slot under consideration. with a bit rate of 16 kb/s are presented below. The bit rate of

For downlink capacity calculations, a mobile is placed in ork6 kb/s assumes a spreading factor of 8 and, therefore, the max-
of the points of interest where the interference from the adjacemum number of 16-kb/s users per slot is 8. The values of the
cells was calculated. The transmission power of the base statsynchronization error: as well as the number of users in the
is set to combat the highest attenuation within the middle celhterfering time slots are varied. = 0.01 is considered as the
The received signal level at the mobile is then obtained froframe synchronized case with 1% offset representing a nonideal
the path loss. It is assumed that the maximum number of useymichronization. Similarlyy = 0.99 is assumed to be the frame
in one time slot is 8, which is fed to (2) and t#% /N, value synchronized case employing asymmetrical transmission, i.e.,
for that mobile is found. The value obtained is then compargide base station in the middle cell is receiving, while the base
to the requiredt, /Ny, and if thisE, /N, level is not achieved, stations in the adjacent cells in Fig. 5 are transmitting, and the
an outage at that point is caused. The process is then repeatediles in the middle cell are receiving, while the mobiles in
over all points of interest, which are shown in the middle cell ithe adjacent cells are transmitting= 0.5 gives the results for
Fig. 5. a nonsynchronized case with an offset timg of half the du-

The scenario used for the cochannel interference investigation of a time slot,;.
tion is shown in Fig. 5. The cell of interest with an inner radius The simulation results are shown in Fig. 6. The uplink
100 m is in the middle. It is surrounded by two tiers (six cellsapacity degrades almost linearly as the portion of the base
in the inner and twelve in the outer tier) of interfering cells oftation-to-base station interference increagesn¢reases) in
inner radius 100 m. The cells are arranged so that they prodiég. 6(a). For only one user in each interfering cell, 68% of the
continuous coverage but do not overlap. It is assumed that cétigial capacity is left in the worst cage: = 0.99). If there are

VI. INTRA-OPERATORINTERFERENCEEVALUATION
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Fig. 6. The effects of the same channel TDD-to-TDD interference with different loads in the interfering cells and different values of the franrazgtiarinr
errora (o« = 0 corresponds to frame synchronized cells with the same asymmetry in adjacent cells). (a) Uplink. (b) Downlink.

4 users per slot in the neighboring cells, 70% of the single céiik performance. Time domain resource allocation by dynamic
capacity is left for the synchronized cage = 0.01). With channel allocation can be used to reduce the inter-cell interfer-
17% time offset or more, there is no capacity left in the middience. As shown in Fig. 6, it is not possible to use a full loading
cell. In this case, 8 users per slot cannot be supported in iallall times slots in adjacent cells, and dynamic channel allo-
cells even in the synchronized case. Note that joint detectioation should be used to optimize the resource allocation. Dy-
receivers were not considered here in suppressing intra-gedimic channel allocation can reduce the interference between
interference. uplink and downlink as well.

For the downlink, the performance is not as sensitive to the
frame synchronization. In the one-user case, the performance
degrades only slightly, as the portion of the mobile-to-mobile
interference increases (ncreases). The reason for this is that The scenario considered for evaluating the inter-operator in-
there is only one mobile which determines the base station tratesference is shown in Fig. 7. An adjacent channel protection of
mission power in the interfering time slot. Therefore, the inteBO dB is assumed. According to the latest 3GPP specifications
ference caused by the base station and the mobile station[@lethe adjacent channel protection is 33 dB for the terminal
approximately the same. Hence, the effects of a frame synchit@nsmission. The difference of 3 dB does not cause practical
nization error become less crucial. However, the amount of idiferences to the results. For the base station transmission, the
terference from the base station and from the mobile stationrésjuired adjacent channel protection values are higher, and the
different, because the distance between the edge of the midwisults in this paper are pessimistic with small base station sepa-
cell and the interfering mobile can vary from almost zero to thrations. The results for adjacent channel interference for 4 users
outer diameter of the interfering cell whereas the base statiper slot and for 8 users per slot in the interfering TDD cells are
is stationary. Hence, an interfering mobile can occasionally bBown in Figs. 8 and 9. The results for different synchronization
fairly close to a mobile in the middle cell, and cause a high irscenarios are shown as a function of the base station separation.
terference peak. Therefore, when there is only one user in fhge bit rate is set to 16 kb/s.
interfering cells, the impact of base station-to-mobile interfer- In the uplink, collocation of the base stations (base station
ence is less severe than that of mobile-to-mobile interferenseparationr<5 m is considered as collocation) destroys the ca-
However, the situation is reversed if more than one user is g&city in that time slot in the cell of interest. When the base
tive. In this case, the transmission power of the base station &ations are collocated, the UTRA TDD system works only if
all connections is determined by the highest attenuation withtime operators’ base stations are synchronized,d.es 0.01.
the time slot. The overall transmission power of the base sta-the case of synchronized base stations, 42% of the single
tion becomes higher than that of the mobiles, and the impacta#l capacity is achieved, if the interfering cells on the adjacent
the mobiles located close to each other becomes less sever&efuency have 8 users per time slot. As the distance between
loading of 8x 16 kb/s per time slot cannot be supported in théhe base stations becomes larger, the capacity figures improve.
downlink in all cells at the same time. It can be seen in Figs. 8(a) and 9(a) that the capacity is rela-

The study shows that synchronization of the adjacent cellstigely independent of the frame synchronization error of the two
clearly a key requirement for UTRA TDD, especially for the upsystems, if the distance between the base stations is 50—-60 m,

VII. I NTER-OPERATORINTERFERENCEEVALUATION
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Fig. 7. Simulation scenario for TDD-to-TDD adjacent channel interference.
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Fig. 8. The effects of the adjacent channel TDD-to-TDD interference with different base station separations and values of the frame syncénarizafibe
loading is 4x 16 kb/s. (a) Uplink. (b) Downlink.

i.e., approximately half of the cell radius 100 m. Especially inontrast to that, the transmission power levels of the mobiles lo-
Fig. 8(a), it can be easily seen that for distances smaller than tluigted at the cell edge are high, and the distance between these
more capacity is gained in the synchronized dase= 0.01); mobiles and the base station is at its minimum. Therefore, the
and for greater distances, it is beneficial to have the transmiisterference caused by the mobile stations is at its maximum.
sion in opposite directions, i.e., completely unsynchronized orIn the downlink, the performance is not as strong a function of
asymmetrical withre = 0.99. The reason for this is that at thethe base station separation as in uplink. At the cell edge, the per-
cell edge, the distance between the base stations is at its mfarmance is slightly poorer, but in this case tHg/N, require-
imum, and hence the interference path is heavily attenuated, ameht is achieved for at least 70% of the cell area (full loading).
the interference caused by the base station is at its minimumTime best downlink performance is achieved with= 0.99.
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the adjacent TDD cells of the same operator. Careful network

planning can be used to ease the interference problems between

the base stations. The collocation of two operators UTRA

TDD base stations in adjacent frequencies is feasible only

if the networks are synchronized, and if identical splitting

between uplink and downlink is used. If the base stations are

not collocated, the synchronization is not necessarily needed.

The solutions covered in this paper to tackle the interferen

problems in UTRA TDD include base station synchronizatiol

network planning, and dynamic channel allocation.
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