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Abstract

Coordinated multi-cell downlink transmission has recently been proposed as a technique that can
enable spectrally efficient communication in cellular networks, potentially increasing downlink system
capacity and reducing intercell interference. By coordinating downlink transmissions, the base stations
in a cellular system can operate as a distributed antenna array. This level of coordination, however,
typically requires precise synchronization between base stations with errors on the order of picoseconds.
In this paper, a new two-way base station synchronization protocol is proposed to facilitate coordinated
multi-cell downlink transmission techniques including distributed multi-cell downlink beamforming. The
two-way synchronization protocol is developed under the assumption that all processing at each base
station is performed with local observations in local time. An analysis of the statistical properties of the
phase and frequency estimation errors in the two-way synchronization protocol and the resulting power
gain of a multi-cell downlink beamformer using this protocol is provided. Numerical examples are also
presented characterizing the performance of multi-cell downlink beamforming in a system using two-
way base station synchronization. The numerical results demonstrate that near-ideal multi-cell downlink

beamforming performance can be achieved with low synchronization overhead.
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I. INTRODUCTION

Cellular communication systems are based on the principle that a large geographic area can
be divided into several smaller geographic areas called “cells”, each comprising a base station
wirelessly communicating with the mobile terminals in the cell. At any point in time, each
mobile communicates with a single base station in the system. As a mobile moves through the
system, the wireless communication link is handed off from base station to base station so that,
roughly speaking, the mobile is always communicating with the nearest base station.

In some cellular systems, a technique called “soft handoff™ [1] is used in situations where a
mobile is near the boundary between cells. Soft handoff increases the reliability of communi-
cation in cellular systems by allowing a mobile to maintain communication with two or more
base stations when it does not have a strong channel to a single base station. Soft handoff is an
example of a simple multi-cell communication technique that increases communication reliability
and decreases mobile power consumption.

Recently, more sophisticated multi-cell communication techniques have been proposed in
which multiple base stations effectively operate as a distributed antenna array. By increasing
the level of coordination among the base stations, well-known multi-input multi-output (MIMO)
transmission techniques can be used in the system to increase sum capacity, decrease downlink
interference, and/or direct downlink transmissions toward individual mobiles in the network.
An early study of coordinated multi-cell downlink transmission appeared in [2] where it was
shown that a fourfold capacity increase could be achieved through phase and amplitude control
across the base stations in the cellular network. Distributed downlink beamforming and greedy
scheduling was studied in coordinated cellular networks in [3], [4]. The spectral efficiency and
maximum common rate of coordinated downlink transmission was analyzed in [S]-[10].

A common requirement of many of the techniques proposed for coordinated multi-cell down-
link transmission is that the phases of the base stations’ carriers must be synchronized to enable,
for example, multi-cell distributed downlink beamforming [2]—[4] or the creation of a linear pre-
filtering matrix for multi-cell downlink zero-forcing dirty paper coding [5]-[7]. Specifically, the
base stations must be synchronized to within a small fraction of their carrier period in order for
these techniques to be effective. The inaccuracy of a clock derived from global positioning system

(GPS) signals is typically at least a few nanoseconds [11]. At typical cellular carrier frequencies,
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this level of clock inaccuracy is larger than a carrier period. Since GPS clock synchronization
is insufficient to enable the level of carrier synchronization required for coordinated multi-cell
downlink transmission, more precise carrier synchronization techniques are necessary.

Several carrier synchronization techniques have recently been proposed for distributed beam-
forming including full-feedback closed-loop [12], one-bit closed-loop [13]-[15], master-slave
open-loop [16], and round-trip open-loop carrier synchronization [17], [18]. Each of these
techniques has advantages and disadvantages in particular applications, as discussed in the survey
article [19]. None of these techniques were proposed or analyzed, however, in the context of
multi-cell distributed downlink beamforming.

In this paper, we develop a new synchronization technique called two-way synchronization [20]
and analyze its performance in the context of carrier synchronization for multi-cell distributed
downlink beamforming. Two-way synchronization is similar in some aspects to round-trip syn-
chronization, but, unlike the round-trip carrier synchronization techniques described in [17], [18],
two-way synchronization is performed among the base stations prior to the transmission of a
beacon from the intended destination, i.e. the mobile. Moreover, the signals exchanged in the
two-way carrier synchronization protocol are designed to accrue less estimation error than those
of the timeslotted round-trip carrier synchronization technique described in [18].

The main contributions of this paper are the description of the two-way carrier synchronization
technique in a system where each base station keeps its own local time and uses only local
estimates. We also show how appropriate transmission phases can be generated to enable multi-
cell downlink beamforming at an intended mobile in the cellular system. We then analyze the
statistical properties of the two-way synchronization protocol in terms of the estimation errors
and oscillator phase noise. We conclude with numerical examples that show that the two-way

synchronization overhead can be small with respect to the expected useful beamforming time.

II. SYSTEM MODEL

We consider the cellular system shown in Figure 1 with M base stations and N mobiles. Each

base station and each mobile is assumed to possess a single! isotropic antenna. The channel

'Our focus on single antennas is motivated by clarity of exposition. The synchronization and distributed beamforming
techniques developed in this paper can be extended to the case where each base station has more than one antenna at the

expense of some additional notational complexity.
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from mobile 7 to base station m is modeled as a linear time-invariant (LTI) system with impulse
response gn.,(t). The noise in each channel is additive, white, and Gaussian and the impulse
response of each channel in the system is assumed to be reciprocal in the forward and reverse
directions, i.e. g, 5 (t) = gnm(t). Uplink and downlink transmissions are assumed to be separated
by time-division-duplexing (TDD).

We assume the backhaul between the base stations is of sufficient capacity and of low enough
delay such that all of the base stations within the uplink reception neighborhood of a particular
mobile have a copy of the baseband messages to be transmitted in the downlink to this mobile.
The backhaul is assumed to be incapable of supporting the exchange of precise timing signals
between base stations. To facilitate synchronization, the base stations transmit signals wirelessly
among themselves. The wireless channel between base station m and base station m’ is modeled
as a linear time-invariant (LTI) system with impulse response A, ,, (t). The noise in each channel
is additive, white, and Gaussian and the impulse response of each channel in the system is
assumed to be reciprocal in the forward and reverse directions, i.e. Ay, (1) = R i (2).

A key assumption in this paper is that the base stations do not possess a common time
reference, at least not one with the accuracy needed for coherent coordinated multi-cell downlink
transmission. The following section presents a model of local and reference time that will be

subsequently used in the description and analysis of the two-way synchronization protocol.

A. Reference Time and Local Time

A focus of this paper is the description and analysis of a clock synchronization technique for
base stations in a cellular network. To support this focus, it is necessary to explicitly present a
model of local time at each base station and describe how the local time at each base station
relates to a notion of “reference” time. Throughout this paper, we will use the notation ¢ to
refer to the reference time, i.e. the “true” time, in the system. All time-based quantities such as
propagation delays and/or frequencies are specified in reference time unless otherwise noted.

The reference time is based on a reference oscillator signal u(t) = exp{jQt}. The phase of
this signal at any time ¢ is simply divided by the known frequency of the oscillation to obtain
the reference time. We assume none of the base stations know the reference time ¢. Even if the
base stations have access to a GPS time reference, as discussed previously, the inaccuracy of

GPS time is usually more than a carrier period at typical cellular frequencies. The local time at
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BS; is based on a local oscillator signal modeled as

where (); represents the unknown nominal frequency, ®; represents the unknown nominal phase
offset at time ¢t = 0, and 7;(t) is a zero-mean lowpass random process that captures the effect of
phase noise and frequency instability [21] in the oscillator at BS;. Prior to synchronization, BS;
does not know its local oscillator frequency and phase offset differ from the reference oscillator.
Hence, the local time at BS; is computed from the phase of the local oscillator in the same

manner as the reference time, 1.e.
ti -

where (3; := €2;/€) represents the nominal relative rate of the clock at BS,; with respect to the

= Bi(t + Ai(t)) (D

reference time and A;(t) := (®; + 1;(t))/€); represents the reference time offset of the clock at
BS;. Both (; and A;(t) are assumed to be unknown.

Since each base station keeps its own local time and none of the base stations know true time,
it should be emphasized that all processing in any synchronization technique must be performed
using local time. As the next section demonstrates, the use of local time without synchronization

can lead to unexpected results when attempting multi-cell downlink beamforming.

III. CARRIER AND MESSAGE COHERENCE

A common assumption in the distributed MIMO literature is that beamforming and distributed
space-time transmission can be performed in a TDD system by the following simple technique:
First, the destination node broadcasts a beacon to each source node; then, each source node
estimates the channel phase and transmits a signal with the same frequency but with a con-
jugate phase. The expectation is that these signals will coherently combine at the destination
node. Implicit in this description, however, is the assumption that the transmitting nodes are
pre-synchronized. This section presents a simple example demonstrating the critical role of
synchronization in distributed transmission systems.

Consider a system with two base stations, BS; and BS,, and one mobile. To simplify the
exposition, assume the mobile operates at reference time. Also assume 3; = (2 = 1, A¢(t) = Ay,
and A,(t) = As. In other words, each base station’s clock only has an unknown fixed local

offset with respect to the reference time such that t; =t + A,.
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Figure 2 shows a TDD timeline in which the unknown local clock offsets A; and A, are
different. In the first step of TDD operation, the mobile broadcasts a known signal in the uplink
to the base stations to facilitate estimation of the channel state. The passband signal transmitted
by the mobile is represented as the solid-line signal in Figure 2. Suppose the passband signal
transmitted by the mobile is given as zo(t) = exp{jwot}lico,1), Where T is the known signal
duration. The indicator function I;c 4 = 1 when ¢ € A, and is otherwise equal to zero. Assuming
single-path unit-gain channels, i.e. go;(t) = d(t—70,), and ignoring any noise, the signal received

by BS; can then be written as

yz<t) = eXP{jWO(t—To,z')}ﬂte[ro,“m,iJrT) 2)

for i = 1,2 where 7y, is the unknown propagation delay of the channel from the mobile to BS,.
These signals are illustrated as the solid-line signals on the base station’s timelines in Figure 2.

Note that (2) is written in the mobile’s local time. In the base station’s local time, we can write

yi(ts) = exp{jwo(ti — Ai — 704) Hise[a 700,80 470.4+T)

for « = 1, 2. From this observation, BS; estimates the phase of the received signal when its local
time ¢; = 0. In the absence of noise, the phase estimate at BS; is —wy(A; + 70,).
In the second step of TDD operation, both base stations transmit passband signals with

conjugate phase in the downlink. The passband signal transmitted by BS; can be written as
:L’i (tl) = m(tl - S'l) eXp{]wO(tz + A'l _I_ Toyi)}Hti€[3i75i+Tn)cssagc) (3)

where Tiessage 18 the message duration, m(t;) is the common baseband message signal defined
on t; € [0, Tinessage), and s; is the starting time of the transmission for BS;. These signals are
shown as the dotted and dash-dotted signals for base station BS; and BSs, respectively, on the

base station’s timelines in Figure 2. Converting (3) to the mobile’s local time, we can write
zi(t) = m(t — s+ A;) exp{jwo(t + 28¢ + 70,1) Hlrels,— Au 50— A+ Trnessage)- “)

The aggregate signal received by the mobile after downlink propagation is then
2

yo(t> = Z m<t - 874 _'_ AZ - TOJ) exp{jw()(t _'_ 2Ai)}Hte[si_Ai+7—0,iysi_Ai“l‘Tmcssagc“l‘TO,i)' (5)
i=1

This last expression exposes the two elements of synchronization necessary to ensure coherent

combining of the passband signals at the mobile. First, in order for the carriers to constructively

September 15, 2009 DRAFT



combine, (5) requires that 2wyA; = 2weAs (mod 27). This condition is necessary and sufficient
to achieve carrier coherence. In Figure 2, the carrier coherence condition is not satisfied since
2wpA1 = (2wpAy — ) (mod 27). The clock offset between the base stations in this example
has resulted in destructive combining of the passband signals received at the mobile.

The second synchronization element required to ensure the passband signals coherently com-
bine at the handset relates to the message start time at each base station. In order for the common
baseband message signals to coherently add at the mobile, these message start times must be
staggered such that s; — Ay + 791 = s2 — Ay + 79 2. This condition is necessary and sufficient
to achieve message coherence. Note that the delays in Figure 2 were chosen such that message
coherence was achieved for the common message m(t) = 1 even though carrier coherence
was not. When A; = A,, which is sufficient for carrier coherence, the condition for message
coherence reduces to s; — s = Tp2 — Tp,1. In other words, the transmission starting times must
be staggered according to the difference in the propagation delays.

This example demonstrates that distributed transmit beamforming in TDD communication
systems requires precise synchronization of the transmitters prior to conjugating the channels.
The focus of this paper is primarily on synchronization to facilitate carrier coherence since the
effects of carrier offset are critical. As shown in Figure 2, carrier offset can lead to destructive
combining and even complete cancellation at the mobile. Moreover, carrier coherence is usually
considered the more difficult problem because the accuracy required for carrier coherence is
typically on the order of picoseconds. The problem of message coherence is also important and
has been considered in [22], but the timing accuracy requirements are less stringent and the

effects of message offset, i.e. intersymbol interference, are usually less critical.

IV. TWO-WAY BASE STATION SYNCHRONIZATION PROTOCOL

In a cellular system with M base stations, enumerated as {BS;,...,BS),}, the two-way base
station synchronization protocol is initiated by BS; transmitting a sinusoidal beacon to BS,. This
sinusoidal beacon is retransmitted through increasing base station indices BS; — BS; — -+ —
BSy;_1 — BS), (“forward propagation”), where each retransmission is a periodic extension of
the beacon received in the previous timeslot. A second sinusoidal beacon, initiated by BS,/,
is similarly transmitted through the decreasing base station indices BS,; — BSy;.; — -+ —

BS, — BS; (“backward propagation”). Assuming approximately the same frequency is used for
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the forward and backward propagated beacons, 20/ — 2 non-overlapping time slots (enumerated
as TS(I), e 7TS(2M ~2)y are used to ensure there is no mutual interference among the 2M — 2
individual transmissions in the two-way base station synchronization protocol.

An overview of the two-way base station synchronization protocol is shown in Figure 3. To
facilitate analysis of this protocol, we assume the beacons are transmitted over a short enough
interval such that the frequency and phase noise of the local oscillators is constant, i.e. A;(t) =

A;. The local time at BS; during two-way synchronization can then be written as

The signals exchanged and estimates generated in each timeslot are explicitly described for the
forward propagation stage as follows. In TSW, BS,; transmits a sinusoidal beacon :):gl)(tl) =
exp{j(wit; + ¢1)}Ht1€T1<1> to BS, where Tl(l) is the transmission interval of BS; in TS, Note
that 2(Y)(¢,) is expressed in local time for BS;. This beacon propagates through the LTI channel

to BS, and is received in local time at BS, as

. t
yél)(tz) = @2 €Xp {J (ﬂlwl (5—22 + A — Az) + 12+ ¢1) } Ht26T2(1> + wél)(b)

where T2(1) is the reception interval of BS, in TS™W, aro = |Hio(fiwr)| and ¢y 0 = £ZH; o(frwn)
are the amplitude and phase shift, respectively, of the LTI channel between BS; and BS, at the
true frequency [(jw;, and wél)(tg) is the noise in the signal received by BS, in TS!. This

observation is then used by BS, to generate frequency and phase estimates
(1)

@él) - Mj and (7
Ba
Aél) = [rwi(Ar — Ag) + 1o+ 1 + Qgél) (8)

where dzél) and &g” are the frequency and phase estimation error, respectively, at BS, in TSW.

This process is repeated through increasing base station indices. In each timeslot, a base station
transmits a periodic extension of the beacon it received in the prior timeslot to the next base
station. The signal transmitted by BS;_; to BS; in TSO-D s mgi__ll)(ti_l) = exp{j(dzi(i_f)ti_l +
égi__f))}l[tiil erti=h- After propagation through the LTI channel to BS;, the signal is received as

- . ~(-2) [ L 2 (i— i
y () = aisriexp {] <5i1wf_12) <E +Ai1 — Az‘) + i1 + ¢§—12)> } I, cptn + w0 (L),
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This observation is then used by BS; to generate frequency and phase estimates

Bl 4 56D

A (i—1) -1 i
o, = , and )
Bi
éﬁi_l) = 51—1@2(1_12)(Ai—1 — Ay + i+ QEEZ__E) + éﬁi_l) (10)
for i =3,..., M, where (:}i(i_l) and &5"‘1) are the frequency and phase estimation error, respec-

tively, at BS; in TS~V The forward propagation stage concludes at the end of TSWM-D),

Backward propagation is the same as forward propagation except BS,, initiates the process
by transmitting a sinusoidal beacon :c(j}” (tar) = exp{j(waty + ¢]V[>}HtNI€T](éM) to BSy,_;. The
beacons are retransmitted through decreasing base station indices © = M — 1,...,1 and the
backward propagation stage concludes after BS; receives the final beacon in TSEM=2),

At the end of the of two-way base station synchronization protocol, each base station has two
sets of phase and frequency estimates as shown in Table I. Note that BS; and BS,, actually each
have only one set of phase and frequency estimates; the initial beacon phase and frequency (w;

and ¢; or wy; and ¢,,) are used as the other estimates.

TABLE 1

ESTIMATES AT EACH BASE STATION AFTER THE TWO-WAY BASE STATION SYNCHRONIZATION PROTOCOL.

Base station First phase estimate | First freq. estimate | Second phase estimate | Second freq. estimate
BS; Q§1,1 = ¢1 GJ1,1 = w1 ¢A71,2 = A§2A172) GJ1,2 = @52N172)
BS.i=2.. . M—1 ng _ é&iﬂ) D1 = wzgiﬂ) (2)1_72 _ (2)1(_21»172'71) Big = d}?kffifl)
BSm QBIVI,l = ﬂ”” WM = wﬁ“” 4271»1,2 =¢u WM2 = WM

A. Synthesizing Synchronized Local Oscillators from Local Estimates

To complete the two-way synchronization, base station BS; adds its first and second estimates

to compute w; = w;; + w; 2 and éz = ggi,l + @2 and then forms a local oscillator signal

If we temporarily assume that each base station’s phase and frequency estimates are perfect’ in

the sense that there is no estimation error in each timeslot, it is not difficult to show that the

*Imperfect estimates are considered in Section V.
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10

local oscillator signals of the base stations are all at the same frequency and phase. To see this,

we can use (9) in the forward propagation stage to write the first frequency estimate at BS; as

O — ﬁi_l@ _ ﬂlw

1= Wi = Wi

Z g Bi

for ¢ = 2,..., M. The second equality results from a recursive application of the first equality

and the fact that w; ; := w;. Along the same lines, we can use (9) in the backward propagation

stage to write the second frequency estimate at BS; as

o B Bu

2 = ——Wit12 = M

' g Bi

fori =M —1,...,1 where Wy := wy. The resulting local oscillator frequency at BS; is then
. frwr + Bauwir

(12)

Wi = W1 T+ wia = 3
i

The first phase estimate at BS; can be calculated from (9) and (10) in the forward propagation

stage as
i—1

952‘,1 = frwi (A1 — D) + g + (%i—l,l = frwr (A1 — A;) + Z Yo op1 + P1
=1

. ~(1—2 ~
for + = 2,..., M where we have used ﬁi_lwfl_l ) = Bi—1wi—1,1 = Pfiwr and where the second

equality results from a recursive application of the first equality. Along the same lines, we can

use (9) and (10) in the backward propagation stage to write the second phase estimate at BS; as

M-1
Gio = Puwm(Div1 — ;) +Yiv1i + Gig12 = Buwm(Ay — A;) + Z Yor10+ Onm
(=i
fori =M —1,...,1. Assuming forward and backward propagation frequencies are close such
that ¢,+1 ¢ = 1y 41, the resulting local oscillator phase at BS; is then
G = Pi1 + hiz = Biwi (A1 — A) + Buwnr (Aar — A3) + 0 + 1 + s (13)

where, for notational convenience, we have defined ¢ := Zé‘i{l Yo o41-
Putting it all together, we can plug (12) and (13) into (11) to write

v;(t;) = exp {j <W1+ﬁﬂtz + Brwi (A1 — Ay) + Buwnr (Apr — A) + 1 + ¢y + ¢M) } . (14)

Using (6), we can rewrite (14) in reference time as
vi(t) = exp {j ((Biwr + Buwn)t + 1 + 7m0 + ) } (15)
where 7v,, ‘= BnwnlA, + ¢.,. Hence, even though each base station possesses its own local

notion of time and operates only on its own local estimates, the “true” frequency and phase of the

synthesized local oscillator at each base station is identical after two-way carrier synchronization.
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11

B. Carrier Coherence in Multi-Cell Distributed Downlink Beamforming

After two-way synchronization has been performed among the M base stations in the cellular
network, the base stations listen for a transmission from a mobile in the network. The mobile
transmits the uplink signal 2™ (t,) = exp{j(woto + o) 1, e (possibly modulated by a
message signal not shown here for clarity) on the interval TO(”p) and this signal is received by a
subset My C {1,..., M} of the base stations in the network. It is assumed these base stations
all have a copy of the downlink message to be sent to the mobile, distributed via the cellular

network backhaul. The mobile’s uplink transmission is received at BS; on the interval Ti(”p) as

u . tz u
Y (t:) = ap,;exp {J <ﬂ0w0 (E + A0 - Ai) + o + ¢0) } Ljerom + w*™ (t;)

in local time for all i € M, with ag; = |G (Bowo)| and 1y, = LGy ;(Bowo). The term wZ(”p)(t,-)

is the uplink signal observation noise at BS;. From this observation, BS; forms local estimates

~ (up)
L 50600;% . and (16)
A = Bowo(Do — A;) + o + do + G (17)

where G)E”p) and QEEUP) are the frequency and phase estimation error, respectively, at BS; from
observation of the mobile’s uplink transmission.

At BS;, the downlink carrier is generated using the local estimates in (16) and (17), together
with the frequency and phase estimates of the synchronized local oscillator (SLO) in (12) and

(13), according to
xl('down)(ti) = exp {] <((fdz — d)l(up))tl + QASZ — q;gup)> } . (18)
Defining 7 := v + v — 70, We can use (6) to rewrite (18) in reference time as

e = exp {5 (@ —6") (Bt + ) + b =) g

= exp {J ((Brwr + Bauwnr — Bowo)t +7 + 9 — o) } Lo

for all ¢ € M, on the interval Ti(down), where we have again assumed the frequency and phase
estimation errors are all zero to ease exposition. After downlink propagation, the aggregate signal
p propag gereg g

at the mobile (in reference time) can be written as

dow . _ - wi
yg o () = > aioexp {j ((Biwr + Buwnr — Bowo)t + 7 + 9 — i + io) } Lo + wy™ (t)
iEMo '
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12

where Ti(gc’wn) is the interval the signal transmitted by BS; is received at the mobile, a,, =

|Gio(Brwr + Buwn — Bowo)|, and ¢ 0 = LG, o(Fiwr + Buwnr — Bowo). This last expression
reveals that carrier coherence is achieved when 1; y = 1y ;. Channel reciprocity occurs in TDD
operation when the uplink and downlink frequencies are (at least approximately) identical, which
is achieved here when (1w; + Bywy ~ 26pwo. When this condition holds, then ;o = v,
a; 0 = ao,;, and the aggregate signal at the mobile can be written as
yédown)(t) = Z ao; exp {J ((Biwr + Buwn — Bowo)t +7 + ) } HteT}f’OW") + wédown) (t).
i€Mo

Assuming message coherence, the received power of the aggregate signal at the mobile in this
case is [y %" (1)]2 = (X merts a07i)2. This corresponds to the power of an “ideal” downlink

beamformer, when each base station transmits with unit downlink carrier amplitude.

V. PERFORMANCE ANALYSIS OF MULTI-CELL DISTRIBUTED DOWNLINK BEAMFORMING

Estimation errors incurred during two-way synchronization and downlink channel estimation
as well as phase noise at each base station all lead to some loss of performance with respect to
the ideal downlink beamformer power prediction. At time ¢, the power of the aggregate received
signal from the set of base stations M, at the mobile can be expressed as

|y((]down)(t)|2 _ Z ag7m_|_ Z Z ag,mao,n COS (5m7n(t)) (19)

meMo meMo neMo
n#m

where the non-ideal nature of the distributed beamformer is captured in the carrier offset terms

Smn(t) = (O — PN Bt + A) — (G — OB, (E+ AL)
+ (Cgm - Q%;JLP) + 'lvbm,O) - (an - Q%Lup) + 'l/)n,O) + Xm(t) - Xn(t) (20)

between BS,, and BS,, and where x,,(t) — x,(t) represents the difference in the phase noise
processes of the SLOs between BS,,, and BS,,. Note that (20) is composed of three components:
carrier frequency offset, initial carrier phase offset at ¢ = 0, and phase noise. We can rewrite

(20) in these terms as

S (t) = Dt + G + X (t) — X (2). Q1)
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13

From (12), (13), (16), and (17), we can write the frequency and phase estimates as

. Brwr + Bruwnr + @i,

Wm = ) (22)
Brn
~(up)
o — Dot om” (23)
" Brm
bm = Prwi(Ar — Ap) + Bywn (A — An) + ¢y + dar + U + ¢y, and (24)
S = Bowo(Ao — M) + o + G0 + S5, (25)
Hence, when )y ,,, = ¥, 0, the frequency and phase offsets in (21) can be expressed as
g = (O — L) — (@, — L), (26)

The carrier frequency and phase offsets between BS,,, and BS,, in (26) and (27) are analyzed in
terms of the constituent estimation errors in the following sections. The statistical properties of

the phase noise processes are discussed in Section V-D.

A. Frequency and Phase Estimation Error Statistics

To facilitate analysis, we define the constituent estimation error vectors

0., = [0, . oW geM=2) ,Q%I,O]T € R2M X1 28)
é¢ - :O,QES), 3 .,ég\]f_l),q~5§2M_2), N .’qgg‘lﬂ\/l_)l’or c R2Mx1 (29)
éiup) - :Jjgup)’ o ’@](\;p)] i c RMx1 (30)
oL = f~§“"), N .,gzg;mf e RMx! G1)

and the overall estimation error vector
~ ~T =T =(up) ~(up)\ 7] "
0 = [4%,«9(,5,(«9w )" (s )| e RO (32)

Note the zeros in the first and last positions of both 6., and é¢. These zeros result from the fact
that BS; and BS;; have no estimation error with respect to the beacons each transmits at the start
of the forward and backward propagation stages, respectively. As will be shown in the sequel,
these zeros also allow for a more straightforward representation of the relationship between the

constituent estimation errors and the carrier offset terms in (26) and (27).
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We assume all of the estimates are unbiased, i.e. E{é} = 0 and that the estimation errors are
jointly Gaussian distributed. It can be shown that the error covariance matrices ©,, := E{éwél},
©44, O“P), and @g;’) (each defined similarly) are all diagonal since observations in different
timeslots are affected by independent noise realizations and observations at different base stations
are also affected by independent noise realizations. The other error covariance matrices are all
equal to zero except @, = E{éwé;} and @g’; )= E{éfjuP)(é;uP))T} since frequency and phase
estimates obtained from the same observation at a particular base station are not independent.

It is possible to lower-bound the non-zero elements in the error covariance matrices with the

Cramer-Rao bound (CRB) [23]. Given an N,-sample observation of a complex exponential of

amplitude a, the CRB for the covariance of the frequency and phase estimates is [24]

T 0'2 2 (1 2) _(720+P)2)
Y | T2Ns(Q—P?) TsNs(Q-P
cov {[w, b } e S S (33)

ToN(Q—P%)  N,(Q—P?)
where o2 is the variance of the uncorrelated real and imaginary components of the independent,
identically distributed, zero-mean, complex Gaussian noise samples, 7 is the sampling period,
ng is the index of the first sample of the observation in the observer’s local time, P := (N,—1)/2,
Q= (Ns—1)(2Ns—1)/6, and A > B means that A — B is positive semidefinite. These results
can be used as a reasonable approximation for the non-zero terms in the error covariance matrix
when each base station uses an unbiased and efficient estimator, e.g. the maximum likelihood

estimator for large N, [23], to generate the local phase and frequency estimates.

B. Carrier Frequency Offset

In the forward propagation stage of the two-way base station synchronization protocol, the
(i—

estimation error w, Yin (9) is defined with respect to the true frequency of the signal transmitted

(i—1

by BS;_; in TSCY, In TS(I), the true frequency of transmission is fiw;. In TS ) for i =

3,..., M, the true frequency of transmission is 6i_1d§i_12). The serial nature of the transmissions
in the two-way base station synchronization protocol implies that the frequency error at BS; with
respect to the initial true beacon frequency J;w; is an accumulation of the individual frequency
estimation errors, i.e. Jzél) + e+ &Ji(i_l). The same is true for the backward propagation stage

except the true frequency of the initial beacon is Gywyy.
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The frequency error of the SLO at BS; can be computed from (22) and recursive application

of (9) for the forward and backward propagation stages as

i M—1
- ~ (=1 ~ (2M—f—1
o= e+ Y ety (34)
=2 =i
where the first and second sums correspond to the accumulated estimation error at BS; in the
forward and backward propagation stages, respectively. Defining @ := [©y,...,@y]" we can

compactly express (34) fort =1,..., M as

w=[U",U]6, = A6, (35)

where U is an M x M upper triangular matrix with all non-zero entries equal to one, A €
RM*2M “and @, is defined in (28).

After synchronization, the mobile broadcasts a beacon to the base stations. BS,,, then generates
a local frequency estimate &% and subtracts this estimate from the SLO frequency estimate

Wm. The resulting carrier frequency offset in (26) between BS,, and BS,, is then
Gnn = (en—ea)" |40, - 0."| (36)

where e, is the i*" standard basis column vector and éff"’ is defined in (30). Under the assumption
that the constituent estimates are unbiased and jointly Gaussian distributed, the carrier frequency

offsets w,, , between BS,,, and BS,, are also jointly Gaussian distributed with zero mean.

C. Carrier Phase Offset

Similar to the frequency estimation errors, the phase estimation errors in the forward and
backward propagation stages of the two-way base station synchronization protocol accumulate
as the signals propagate through increasing and decreasing base station indices. The accumulation
of phase error at BS;, however, is due to both constituent phase and frequency estimation errors.
In the forward propagation stage of the two-way synchronization protocol, we can recursively

apply (9) and (10) to write the the first local phase estimate at BS; as
~1

Gig =0 = B (A — ;) + 1 + ZW 10+ ZQN ) Z A;)
=2 =
for 1 = 2,..., M. Similarly, we can write the the second local phase estimate at BS; as
M—-1
bio = éf;z(-QM_z_l) = Buwn (An — D) + dar + Z Yeer1 + Z ¢§2M R Z (@M—t=-1) (Ap — Ay)
(=i+1
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fori=1,..., M — 1. These estimates are summed at BS; and the resulting phase error is

>_A

7 i—

Q;i:zq;§é—1)+ éél (A — +Z¢Z2M61+Z ~ (2M—t—1) (A=A, 37)

(=2 =2 l=i+1

Defining ¢ := [gz;l, cee Q;M]TWG can compactly express (37) fori =1,..., M as
¢=[-D",D|6,+[U",U|6,=B6,+ A, (38)

where B € RM**M 7 and A are defined in (35), 6,, and @, are defined in (28) and (29),

respectively, and

(AL~ A, A=Ay 0 Ay — A Ay — A ]
0 AQ—AQ AM—I_A2 AM—AQ

D =
0 0 0 Anr — Ay

Note that D € RM*M g upper triangular with diag(D) = [0,...,0]". After synchronization,
the mobile broadcasts a beacon to the base stations. BS,,, forms a local phase estimate g%ﬁp) and
subtracts this estimate from the estimated synchronization phase q@m The resulting carrier phase

offset in (27) at time ¢t = 0 between BS,, and BS,, can then be expressed as

O = (en—e) (- 0\ + A@ - 9(“”’)) (39)
— (em—en)T [(B +AA)D, + AD, — AO™ — éf;")} (40)
where A := diag(A4,...,Ay), e; is the i*" standard basis column vector, and é((;p) is defined

in (31). Under the assumption that the constituent estimates are unbiased and jointly Gaussian
distributed, the carrier phase offsets émn between BS,, and BS, are also jointly Gaussian

distributed with zero mean.

D. Phase Noise

In addition to phase and frequency offsets that occur as a consequence of imperfect estimation,
practical oscillators also exhibit phase noise. Phase noise causes the phase of the SLO at each base
station to randomly wander from the phase obtained at the end of the two-way synchronization
protocol. As shown in [18], this can establish a ceiling on the reliable beamforming time even

in the absence of estimation error.
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The phase noise x;() at BS; can be modeled as a zero-mean non-stationary Gaussian random
process, independent of the estimation errors, with variance increasing linearly with time, i.e.
o2 (t) =r(t— T for t > T, where T¥™ is the time at which BS; generates estimates
w; and ngS, The variance parameter r is a function of the physical properties of the oscillator
including its natural frequency and physical type [25]. We assume that all base stations share
the same value of r but have independent phase noise processes. Using the procedure outlined
in [26], a typical range of r for temperature compensated or oven controlled oscillators can be

calculated as 0.005 < r < 0.1 rad?®/sec for a nominal operating frequency of 1 GHz.

E. Overall Carrier Offsets

Substituting (36) and (40) in (21), we can express the carrier offset between BS,, and BS,, in

terms of the constituent estimation error vectors and phase noise processes as

(up)  ~(up)

Omn(t) = (em —en) " {[(It +A)A+B]0,+ Aby — (It +A)0,," — 0, } + X (t) = X (t). (41)

The carrier offsets d,,,(¢) are, at any time ¢, jointly Gaussian distributed with zero mean and
covariance E[d,, ,(t)d, /()] that can be expressed in terms of the constituent error covariance
matrices and r. This result is used with (19) and the CRB (33) to quantify the statistical
performance characteristics of a distributed downlink beamformer using two-way base station

synchronization in Section VI.

VI. NUMERICAL RESULTS

This section presents numerical examples of multi-cell downlink beamforming in a system
with M base stations using two-way synchronization. All of the examples in this section assume
that the duration of each beacon observation during the forward and backward propagation stages

of the two-way synchronization protocol is 1 ms. At the conclusion of TSEM=2)

, 10 ms elapse
before the mobile transmits a 1 ms uplink beacon to the base stations. The base stations in
the participating set My = {1,..., M} then form their downlink carrier phase and frequency
estimates and all begin transmitting as a distributed beamformer immediately after receiving the
uplink beacon. The CRB results in (33) are used to generate the jointly Gaussian constituent
estimation errors with appropriate covariances. The beamforming power at the mobile for each

realization of the estimation errors and phase noise processes is computed using (19) and (41).
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Figure 4 compares the distributed downlink beamforming power to an ideal downlink beam-
former as a function of the elapsed time from the start of beamforming for a system with
M =T base stations. A total of 12 ms (plus propagation delays) is needed to perform the two-
way synchronization. The probability that the aggregate received power at the mobile at elapsed
time ¢ exceeds 95% of the ideal beamforming power is plotted for three different signal to noise
ratios (SNRs) in Figure 4, where SNR = 10 log;,(a?/c?) in (33) and it is assumed, for purposes
of illustration, that the SNR 1is identical for all beacon observations at all base stations, including
the uplink. The distributed beamforming performance is also shown for three different values of
the phase noise parameter 7.

The results in Figure 4 show that two-way synchronization can enable the base stations to
form a high-quality distributed downlink beamformer with high probability when the SNR is
high and when r is small. The phase noise parameter 7 is of less importance when the SNR of
the channels is low since, in this case, performance degradation is caused primarily by estimation
error rather than SLO phase noise. Nevertheless, the results in Figure 4 show that the time the
distributed beamformer exceeds 95% of the ideal beamforming power at the mobile can be on
the order of hundreds of milliseconds, with high probability, even in moderate SNR channels
with practical oscillators. These results also show that the base stations must be periodically
resynchronized in order to maintain an acceptable level of performance with high probability.
In this example, resynchronization requires 12 ms, implying that the synchronization overhead
is small with respect to the expected useful duration of the distributed beamformer.

Figure 5 shows the effect of the number of participating base stations on the mean received
power of the distributed downlink beamformer at the mobile. Intuitively, increasing the number
of participating base stations increases the potential beamforming power gain since the ideal
beamforming power gain scales according to M2. As M increases, however, the amount of
time spent synchronizing the base stations also increases. This causes increased accumulation
of phase and frequency estimation errors and, consequently, increased phase offset at the start
of beamforming and increased frequency offset during beamforming. Figure 5 plots the mean
received power at the mobile versus M for several elapsed times after the start of beamforming
for the case when all beacons are observed at 10 dB SNR and r = 0.01.

The results in Figure 5 show that increasing the number of base stations participating in

the distributed downlink beamformer always increases the mean received power at the mobile,
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but with diminishing returns. As a specific example, when the elapsed time from the start of
beamforming is one second, the mean received power of the distributed downlink beamformer
is close to that of the ideal beamformer for M < 10. The slope of the mean received power
in this region is close to two, indicating that the passband signals are coherently combining
at the mobile. In the region where M > 50, however, the slope of the mean received power
curve goes from two to one, indicating that the passband signals are incoherently combining
at the mobile. As the beamforming time becomes large, e.g. 5 seconds, the passband signals
incoherently combine at the mobile for any value of M. This again demonstrates the need for

periodic resynchronization in distributed beamforming systems.

VII. CONCLUSION

This paper presented a new two-way synchronization protocol to facilitate coordinated multi-
cell downlink MIMO transmission techniques including distributed transmit beamforming. The
two-way base station synchronization protocol was developed for a system model in which each
base station’s local time differs from that of the other base stations in the network. All processing
is performed using only local observations in local time at each base station. An analysis of
the statistical properties of the phase and frequency estimation errors and resulting power of
a distributed downlink beamformer was also provided. Numerical examples characterizing the
performance of multi-cell downlink beamforming in a system using two-way synchronization
were presented and demonstrated that near-ideal beamforming performance can be achieved with

low synchronization overhead.
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Fig. 1. A cellular system with M base stations and N mobiles, each with a single antenna. Not shown is the backhaul between

the base stations that serves the function of distributing a common baseband message for downlink transmission.
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Fig. 3. Overview of the two-way base station synchronization protocol. Forward and backward propagation stages are represented

with the downward and upward arrows, respectively.
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Fig. 4. Probability received power at mobile exceeds 95% of the ideal beamformer received power for an M = 7 base station

distributed downlink beamformer as a function of the time from the start of downlink beamforming for different values of SNR

and phase noise parameter r.
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Mean received power at the mobile as a function of the number of base stations M for different values of time from

the start of downlink beamforming (¢5¢) for 10 dB SNR beacons and r = 0.01. The “ideal coherent” upper bound corresponds

to perfect transmit phase and frequency synchronization with no phase noise. The “incoherent” lower bound corresponds to

random transmit phases.
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