Deriving the phase synchronisation requirement for outdoor long-term evolution
small cell enhanced inter-cell interference coordination
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Abstract: This study addresses the phase synchronisation requirement for optimal enhanced inter-cell interference coordination operation for
outdoor small cells in a long-term evolution heterogeneous network with a macro overlay.

1 Introduction

Long-term evolution (LTE) is the world’s fourth generation wire-
less cellular telephony standard that is being widely deployed
today. In the outdoor environment, small cells in LTE play an im-
portant role in improving data throughput performance. This is
achieved by deploying small cells under the same coverage area
of an overlay macro cell operating on the same set of carrier fre-
quencies. The deployment of small cells under a macro cell’s cover-
age creates inter-cell interference between the macro cell’s
downlink transmissions and the small cell’s transmissions when
both use the same carrier frequencies, since both transmissions
overlap each other in both time and frequency sub-carrier space.
This interference problem is particularly acute for those users [or
user equipment (UE)] at the border of the small cell’s coverage
area. The exact impact of the interference is a function of the
macro cell’s power (typically much larger than that of the small
cell), how far away the small cell is from the macro transmitter as
well as the propagation channel characteristics from both the
macro and small cell transmitters to a user. This inter-cell interfer-
ence can cause poor small cell border performance and also limits
the deployment flexibility of small cells. Without further enhance-
ment, small cells can only be deployed in places where the macro’s
transmissions are not strong enough to significantly interfere with
the small cell.

To mitigate this interference problem, Release 10 of the LTE
standard specified use of a technique known as enhanced inter-cell
interference coordination (eICIC) specifically designed to improve
the performance of LTE small cells in such heterogeneous
network (HetNet) deployments with macro cells when using the
same set of carrier frequencies. eICIC [1] coordinates downlink
transmissions from a macro cell and a small cell such that these
transmissions do not overlap with one another in time as seen in
Fig. 1. The macro cell essentially stops or blanks its own downlink
packet data shared channel transmissions during certain sub-frames,
called almost blank sub-frames (ABSs). This blanking pattern is
communicated by the macro cell to all the small cells deployed in
its coverage area. The small cells schedule the transmissions to
their own cell border users during these ABS time slots. This coord-
ination reduces the amount of inter-cell interference between the
macro and the small cell for users at the edge of the small cell cover-
age area, thereby improving cell edge throughput, coverage and de-
ployment flexibility. The small cell is free to schedule transmissions
to its cell centre users using all the sub-frames, since they are much
closer to the small cell transmitter and hence are not impacted much
by the interference from the macro.

For the coordination to succeed, it is critical that the downlink
sub-frame from the macro be properly aligned with the downlink
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sub-frame from the small cell at the UE as shown in Fig. 2 to
ensure that these transmissions do not overlap. When there is a
timing mis-alignment, a portion of the macro’s sub-frame will
overlap with a portion of the small cell’s sub-frame resulting in
inter-cell interference in the overlap region and is shown in Fig. 2.

eICIC thus requires frequency, time and phase synchronisation
between the macro and small cells for optimal operation.
Frequency synchronisation is required to ensure that the clocks
have the same periodicity. Time (also known as time of day) syn-
chronisation ensures that the macro and small cells are synchronised
with regard to sub-frame numbering which is essential to ensure
that both the macro and small cell have the same notion of when
the ABS periods occur. Phase synchronisation of the macro and
small cell clocks is required to ensure that the sub-frame boundaries
are time aligned.

The third generation partnership program (3GPP) has defined the
frequency synchronisation requirements [2]. 3GPP has however not
explicitly defined the phase synchronisation requirement for eICIC
outdoor HetNet deployments. Various publications [3] have indi-
cated different values (anywhere from 1 to 5pus) for what the
phase synchronisation needs to be, without a detailed analysis.

This paper determines the worst-case operational scenario that
derives the phase synchronisation requirement and derives an ex-
pression that can be used to generate the phase synchronisation spe-
cification. The analysis shows that the phase mis-alignment of the
sub-frames at the UE is due to two components: one due to the
clocks being phase mis-aligned and a second component due to dif-
ferential propagation path delay between the macro cell and small
cell transmissions at an UE. The relationship derived here and the
analysis of the use cases will enable mobile network operators to
more accurately engineer their networks to optimise LTE small
cell operation.

2 Determining the worst-case scenario

In a HetNet deployment with both the macro and small cells oper-
ating on the same carrier frequencies, for eICIC to be effective, it is
important that the downlink signals transmitted out of the macro
base station as well as that from the small cell be time aligned at
the UEs so that they do not overlap with each other. Otherwise
the signals from the macro and the small cell will interfere with
each other when received at the UE resulting in degraded through-
put. This requires that the sub-frame timing of the downlink LTE
transmissions from the macro cell and the small cell be frequency,
time and phase aligned as received at the UE.

A difference in the time between the start of the sub-frame in the
transmission from the macro and that from the small cell as seen at
the UE receiver can occur due to three reasons:

J Eng, 2016, Vol. 2016, Iss. 11, pp. 402-405
doi: 10.1049/joe.2016.0172


mailto:
mailto:
mailto:

Fig. 1 eICIC operation in a heterogeneous deployment

(i) Variation in the periodicity of the clock caused by frequency
variation in the clocks.
(i1) Phase difference in the clock used in the macro against the
small cell.
(iii) Differential path delay between the macro and the small cell
propagation paths to the UE.

For this analysis, we will assume that perfect frequency syn-
chronisation has been achieved and hence the only impact is from
items (2) and (3) above.

Phase differences between the phase-locked loops (PLLs) used in
the base stations to generate their timing is one source of phase mis-
alignment. Even though the macro and small cell base stations use
reference clocks that are typically synchronised to global position-
ing system or to network timing using PLLs, these PLLs have some
residual phase error in addition to jitter which creates time-varying
drift of the clock.

Since the requirement is that there should be no overlap of the
sub-transmitted frames from the macro and small cell as received
at the UE location, differences in the propagation path delays in
the transmission from the macro compared with that from the
small cell to an UE also contribute to the sub-frame mis-alignment
at that UE. As can be seen from Fig. 1, the signal transmitted from
the macro cell travels a longer distance to the UE of interest com-
pared with the signal from the small cell transmitter. This is
because the UE that is attached to the small cell is closer to the
small cell than it is to the macro. This differential path delay

Macro Cell
Transmission
at Antenna ! |
1 E :
I

Small Cell Transmission with

Subframe N

MACRO

N
SMALL \,
CELL

Almost Blank
Subframe N + 1

Sav
Sav

Schedule Small
Cell Centre UEs

Schedule Small
Cell Border UEs

results in the small cell sub-frame colliding with the macro sub-
frame at the UE receiver even if perfect frequency, time and
phase synchronisation of the macro and small cell clocks has
been achieved.

Two scenarios need to be analysed. In scenario 1, the small cell’s
sub-frame timing phase is advanced with respect to the macro cell’s
sub-frame timing when compared at their respective antenna ports.
Scenario 2 is the opposite with the small cell’s timing delayed rela-
tive to the macro.

Fig. 2 shows the timing diagram of scenario 1 where the small
cell’s sub-frame timing phase is advanced relative to that of the
macro. In the following analysis, we will use the macro’s timing
as the reference and relate all subsequent delays to it. As seen
from Fig. 2, the clock phase mis-alignment and propagation
delays cause the leading edge of the small cell’s N + 1th sub-frame
to overlap with the trailing edge of the macro’s Nth transmitted sub-
frame. The total overlap time in this scenario can be expressed as

Tovcrlap = TP + (Tl - T2) (1)

where T is the amount of time by which the small cell sub-frame
timing is advanced relative to the macro sub-frame at their respect-
ive transmit antenna ports, 7 represents the propagation delay from
the macro to the UE at the small cell border, T, represents the
propagation delay from the small cell to the UE at the small cell
border and 7 > T,. (T} — T5) = Tpjft_prop_Delay_Time ePresents
the differential propagation delay time.
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Fig. 2 Impact of phase mis-alignment for scenario 1
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Fig. 3 Impact of phase mis-alignment for scenario 2

Fig. 3 shows the timing diagram of scenario 2 where the small
cell’s sub-frame timing phase is delayed relative to that of the
macro. Here, the trailing edge of the small cell’s N + 1th sub-frame
overlaps with the leading edge of the macro’s N+ 2nd sub-frame.
The overlap time in this scenario is given by

T,

overlap =

Tp—T+T,=Tp— (1) - Ty @

Comparing (1) and (2), we find that the overlap period is larger for
scenario 1. In scenario 1, the differential propagation delay
increases the overlap period, whereas in scenario 2 it reduces the
overlap period. As a result, scenario 1 is the worst-case scenario
for eICIC operation since the overlap period is larger and hence
more detrimental.

3 Deriving the phase synchronisation requirement

We now analyse scenario 1 as it requires the most stringent phase
sync requirement.

In scenario 1, the leading edge of the small cell’s sub-frame over-
laps with the trailing edge of the macro’s previous sub-frame. The
very first signal in a sub-frame is the cyclic prefix of the first orthog-
onal frequency division multiplexed (OFDM) symbol. As long as
the overlap is confined to be within the duration of the cyclic
prefix of the first OFDM symbol of the small cell sub-frame,
there is no performance impact as the cyclic prefixes are discarded
by the UE receiver. A larger overlap can cause a performance
impact. Hence, we need

T,

overlap

< First Cyclic Prefix Period 3)

The time duration of the cyclic prefix of the first OFDM symbol is
5.216 ps as defined by the LTE standard. Substituting (1) into (3)

Tp + Titt_prop_Delay_Time < 9-216 s “)
From (1) and (4), a number of conclusions can be reached:
(1) Both Tp and Tpifr_prop_pelay_Time 1€ time-varying quantities. 7p
varies in a statistical fashion based on the PLL’s characteristics.

Thifr_prop_Delay_Time Will vary dependent on UE position and speed
and will also vary from UE from UE.
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(i1) It is not possible to achieve zero overlap even with perfect syn-
chronisation of the macro and small cell timing because of the con-
tribution from the differential propagation path delay.

(iii) A single value for the phase synchronisation is not sufficient for
all possible deployment scenarios.

It is difficult to derive a phase synchronisation requirement from
(4) because of the dynamic time-varying nature of the components.
We can however derive a simpler version of (4) by setting
Tift _prop_Delay_Time tO the maximum differential propagation delay
possible. The maximum possible Tp prop pelay_Time O SCenario 1
occurs when an UE is present at the very edge of the macro cell
radius as this maximises the macro propagation time 7. Assuming
line of sight propagation which is reasonable for outdoor deploy-
ment, we can express the maximum differential propagation delay
in terms of the cell radius of the macro and small cell as follows

1 . .
T\tax_Diff _Prop_Delay_Time — C (Radiusy; — Radiusgc) )

where C is the speed of light in metres per second, Radiusg is the
cell radius of the small cell in metres, Radius,, is the cell radius of
the macro cell in metres and Radiusg- < Radius,,.

Substituting (5) into (4), we get the relationship for the phase
synchronisation requirement as follows

1
Ty + W(RadiusM — Radiusg.) < 5.216 x 10°°  (6)
X

From (6), since the radius of the macro cell and small cell are
known, it is quite straightforward to determine the maximum
allowed value of the phase difference T, in seconds that ensures
zero overlap of the sub-frames. As an example, for
Radiusy; = 1 km and Radiusg. = 100 m, the 7 requirement is cal-
culated to be <2.216 ps.

4  Conclusion

This paper has determined the worst-case scenario required to derive
the phase synchronisation requirement for zero overlap for eICIC. It
has also developed a relationship showing how the various factors
that impact the overlap are related to one another and how a require-
ment for the phase synchronisation can be specified. This will enable
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