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Base station cooperation is envisioned as a key technology for future cellular networks, as it has the potential to eliminate intercell
interference and to enhance spectral efficiency. To date, there is still lack of understanding of how imperfect carrier and sampling
frequency synchronization between transmitters and receivers limit the potential gains and what the actual system requirements
are. In this paper, OFDM signal model is established for multiuser multicellular networks, describing the joint effect of multiple
carrier and sampling frequency offsets. It is shown that the impact of sampling offsets is much smaller than the impact of carrier
frequency offsets. The model is extended to the downlink of base-coordinated networks and closed-form expressions are derived
for the mean power of users’ self-signal, interuser, and intercarrier interference, whereas it is shown that interuser interference is
the main source of degradation. The SIR is inverse to the base stations’ carrier frequency variance and to the square of time since
the last precoder update, whereas it grows with the number of base stations and drops with the number of users. Through user
selection, the derived SIR upper bound can be approached. Finally, system design recommendations for meeting synchronization
requirements are provided.

1. Introduction

Base station cooperation, also known as coordinated multi-
point (CoMP), is an ambitious multiple-antenna technique,
where antennas of multiple distributed base stations and
those of multiple terminals served within those cells are
considered as a distributed multiple-input multiple-output
(MIMO) system [1–3]. In the downlink, also known as joint
transmission (JT) CoMP, signal preprocessing at the base
stations is applied to eliminate the intercell interference and
to enhance the spectral efficiency. In the simplest case, data
symbols are precoded with the pseudoinverse of the MIMO
channel matrix; this method is known as zero-forcing (ZF)
precoding [4]. Using ZF precoding, system performance
becomes close to optimal in the high signal-to-noise ratio
(SNR) regime, as shown in [5]. Deployment concepts for
JT CoMP and field trial results have been reported in [6],
whereas recent progress can be found in [7, 8]. The role of

CoMP and integration aspects into next generation cellular
systems are highlighted in [9]. Finally, an overview on
cooperative communications can be found in [10].

The combination of MIMO techniques with orthogonal
frequency division multiplexing (OFDM) has been a suc-
cessful concept for broadband cellular networks and has
enabled a significant increase of the spectral efficiency during
the last years [11, 12]. However, it quickly became clear that
precise synchronization is vital for realizing the potential of
MIMO-OFDM systems. It is known from [13] that the carrier
frequency offset (CFO) causes intercarrier interference (ICI)
as well as a phase drift on all OFDM subcarriers, known
as common phase error (CPE). The sampling frequency
offset (SFO) is also a source of ICI and implies a phase
drift that grows linearly with frequency, thus affecting each
subcarrier differently. Accurate maximum likelihood (ML)
tracking algorithms have been developed and optimized for
single-user point-to-point MIMO-OFDM in [14], whereas
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synchronization for multiuser MIMO within one cell has
been studied in [15]. For the OFDM-based multiuser uplink,
a signal model and compensation techniques have been
developed in [16].

Considering distributed JT CoMP, cooperative base sta-
tions are located at different sites, which implies that their
frequency up- and downconverters are driven by their
own local oscillators, while sampling frequencies also differ
among them. Signal modeling of JT CoMP with individual
offsets in carrier and sampling frequencies in [17] revealed
that orthogonality between multiple users’ data signals is
misaligned and interuser interference (IUI) arises. First
insights into the performance degradation were obtained by
numerical evaluation. In chapter 8 of [18], the sensitivity
of CoMP to the CFO was analyzed for a scenario with
two cooperating base stations. Similar observations have
been reported in [19, 20], whereas methods for estimating
multiple CFOs based on training signals have been developed
in [21]. The problem of nonsynchronized cooperating base
stations has been also investigated in [22–24], where the
focus has been on how to estimate and compensate the
multiple CFOs. In [25], propagation delay differences were
also included for transmissions fromdistributed base stations
withmultiple CFOs. In [26], a scheme for synchronizing base
stations has been proposed, based on a time-slotted round-
trip carrier synchronization protocol. The implementation
of Global Positioning System- (GPS-) based synchronization
for distributed base stations in an outdoor testbed has been
reported by the authors in [27]. More recently, an over-
the-air synchronization protocol has been proposed in [28],
which is also applicable for networks with a large number
of access points. A survey on physical layer synchroniza-
tion for distributed wireless networks can be found in
[29].

The first objective of the present paper is to investi-
gate the synchronization requirements for base-coordinated
multicellular MIMO networks. A major contribution of this
work is the derivation of an exact signal model capturing
the joint effect of multiple CFOs and SFOs at transmitters
and receivers in a MIMO-OFDM system and over the time.
Based on this model, it is shown that the impact of the SFO is
negligible compared to the one of the CFO. Application of the
model to the distributed CoMP downlink with ZF precoding
leads to analytical closed-form expressions for the mean
power of the users’ self-signal, interuser, and intercarrier
interferences. It is found that the interuser interference is
the dominant source of signal degradation and that syn-
chronization requirements for cooperating base stations are
very high, compared to the ones in single-cell transmission.
The mean signal-to-interference ratio (SIR) is analyzed and
is approximately found to degrade quadratically with time
and to be inversely proportional to the variance of the
base stations’ CFO. The SIR further grows with the number
of base stations and drops with the number of users. In
addition to the SIR analysis for the Rayleigh fading channel,
an SIR upper bound is derived, which can be approached
by appropriate user selection. Finally, recommendations for
practical synchronization of distributedwireless networks are
given.

The paper is organized as follows. In Section 2, a general
signal model for a MIMO-OFDM communication system
in the presence of multiple CFOs and SFOs is derived. In
Section 3, the model is applied to the CoMP downlink and
expressions are derived formobile users’ self-signal, interuser,
and intercarrier interferences. Analysis in Section 4 leads to
closed-form expressions for the mean power of the above
signals and the resulting SIR. The system performance is
evaluated analytically and verified bymeans of simulations in
Section 5. Synchronization requirements are established and
practical methods to fulfill them are discussed in Section 6.
Finally, conclusions are summarized in Section 7.

2. General Signal Model for Distributed
MIMO-OFDM Systems

In the following, a distributed MIMO network is considered
with an arbitrary number of antenna branches at every base
station and at every user.The cellular network usesOFDM for
the air interface, with𝑁

𝑠
subcarriers, which are indexed with

𝑘 in the range {−𝑁
𝑠
/2, . . . , 𝑁

𝑠
/2−1}. An entireOFDMsymbol

is 𝑁
𝑔
samples long, equal to 𝑁

𝑠
samples plus the number

of samples of the cyclic prefix. Integer 𝑛 indexes successive
OFDM symbols and is hence a measure of time.

Each base station and each mobile are assumed to have
their own carrier and sampling frequency, within typical
ranges. The total number of transmit branches is 𝑁

𝑡
. Each

transmit branch (can be a base station in the downlink or a
user in the uplink), denoted by subindex 𝑖, has its individual
sampling period𝑇

𝑖
, carrier frequency𝑓

𝑖
and respective initial

phase parameters 𝜏
𝑖
and 𝜑

𝑖
. In Figure 1, it is shown for a

point-to-point transmission how sampling and carrier offsets
misalign analog-to-digital and digital-to-analog conversion,
as well as frequency conversion, respectively. The corre-
sponding receiver parameters are denoted as 𝑇

𝑗
, 𝑓

𝑗
, 𝜏

𝑗
, and

𝜑
𝑗
, while symbol 𝚥 is used for √−1. The digital modulation

of subcarrier 𝑘 on transmit branch 𝑖 is represented by the
complex-valued symbol 𝑋

𝑖
(𝑘). Due to different sampling

timings between transmit branches of different base stations
(downlink) or among mobile users (uplink), the intercarrier
spacing is transmit-branch-specific and measures 𝛿

𝑖
=

(𝑁
𝑠
𝑇
𝑖
)
−1 Hertz. The ideal carrier frequency is denoted by 𝑓

𝑐

and the ideal sampling period with 𝑇. For any transmitter or
receiver, its CFO and SFO are defined as the the deviation
from the ideal carrier frequency and sampling period, respec-
tively. The complex baseband-equivalent frequency response
of the passband channel between transmitter 𝑖 and receiver
𝑗 at frequency 𝑓 is denoted by𝐻

𝑗𝑖
(𝑓). It includes frequency-

flat path loss and shadow fading as well as frequency-selective
small-scale fading.

By following similar arguments as the ones leading to
equation (8) in [14], and by considering the clarification
in [30], that is, corrections in magnitude in order to keep
signal energies consistent, it is found that the spectrum of the
OFDM signal observed at any given receive branch 𝑗 has the
form

𝑌
𝑗
(𝑓) = 𝑈

𝑗
(𝑓, 𝑘) + 𝑈

𝑗
(𝑓, 𝑘) + 𝑁

𝑗
(𝑓) , (1)
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Figure 1: Transmitter and receiver have individual sampling periods 𝑇
𝑖
and 𝑇

𝑗
for digital-to-analog and analog-to-digital conversion and

individual carrier frequencies 𝑓
𝑖
and 𝑓

𝑗
for upconversion and downconversion.

where 𝑈
𝑗
(𝑓, 𝑘) represents the continuous-frequency spec-

trum of the received multiuser signal at receive antenna 𝑗
for transmitted subcarrier 𝑘 (on-carrier signal). It is noted
that 𝑈

𝑗
(𝑓, 𝑘) is the received spectrum of the multiuser signal

of all other subcarriers ] ̸= 𝑘, that is, the multiuser ICI
(it is arbitrary which subcarrier is designated as 𝑘, but our
analysis requires to single out one of them). The additive
white Gaussian noise (AWGN) contributed by the front-end
of receive antenna 𝑗 is denoted by𝑁

𝑗
(𝑓).The above terms are

given by

𝑈
𝑗
(𝑓, 𝑘) = 𝑇

𝑗

𝑁
𝑡

∑

𝑖=1

𝑒
𝚥(𝜑
𝑗
−𝜑
𝑖
)

𝛽
𝑗𝑖
(𝑓, 𝑘)

⋅ 𝑋
𝑖
(𝑘)𝐻

𝑗𝑖
(𝑘𝛿

𝑖
+ 𝑓

𝑖
− 𝑓

𝑐
) ,

(2)

𝑈
𝑗
(𝑓, 𝑘) = 𝑇

𝑗

𝑁
𝑠
/2−1

∑

]=−𝑁
𝑠
/2

] ̸=𝑘

𝑁
𝑡

∑

𝑖=1

𝑒
𝚥(𝜑
𝑗
−𝜑
𝑖
)

𝛽
𝑗𝑖
(𝑓, ])

⋅ 𝑋
𝑖
(])𝐻

𝑗𝑖
(]𝛿

𝑖
+ 𝑓

𝑖
− 𝑓

𝑐
) ,

(3)

with

𝛽
𝑗𝑖
(𝑓, 𝑘) = 𝑒

−𝚥2𝜋(𝑓
𝑗
−𝑓
𝑖
)(𝑛𝑁
𝑔
𝑇
𝑗
+𝜏
𝑗
)

⋅ 𝑒
−𝚥2𝜋𝑘𝛿

𝑖
(𝑛𝑁
𝑔
𝑇
𝑖
+𝜏
𝑖
−𝑛𝑁
𝑔
𝑇
𝑗
−𝜏
𝑗
)

⋅ 𝑒
−𝚥𝜋(𝑓+𝑓

𝑗
−𝑓
𝑖
−𝑘𝛿
𝑖
)𝑇
𝑗
(𝑁
𝑠
−1)

⋅

sin [𝜋 (𝑓 + 𝑓
𝑗
− 𝑓

𝑖
− 𝑘𝛿

𝑖
) 𝑇

𝑗
𝑁
𝑠
]

sin [𝜋 (𝑓 + 𝑓
𝑗
− 𝑓

𝑖
− 𝑘𝛿

𝑖
) 𝑇

𝑗
]

.

(4)

The exponential terms in (4) are phase shifts due to carrier
and sampling frequency misalignment, while the fractional
term describes the loss of orthogonality among OFDM
subcarriers, causing a leakage of the signal transmitted on
subcarrier 𝑘. Note that 𝐻

𝑗𝑖
(𝑘𝛿

𝑖
+ 𝑓

𝑖
− 𝑓

𝑐
) expresses the

channel at the frequency of subcarrier 𝑘 plus a shift due to
the transmitter’s SFO and CFO.

Themodel given by (1) through (4) makes no assumption
about the synchronization among branches and it is gen-
eral for any MIMO-OFDM communication, also including
cellular networks with base station cooperation. It describes
how successive OFDM symbols are degraded under constant
and uncompensated CFOs and SFOs as time goes by; that

is, OFDM symbol index 𝑛 grows. The CFO must be smaller
than half of a subcarrier spacing. For typical mobile receivers
this implies that an earlier coarse frequency synchronization
stage has succeeded, which we assume henceforth. Regarding
SFO, the expressions are valid well beyond the typical range
specified for SFO in commercial OFDM systems. It is to be
noted, however, that, for a given SFO, the FFT window of
each receiver branch does eventually drift away to a point at
which intersymbol interference (ISI) arises between OFDM
symbols. From that point on, severe degradation ensues and
the model stops being valid. It is also implicit in our model
that OFDM symbol timing has been acquired in a prior
stage. The result assumes that the time dispersion of all the
MIMOchannel impulse responses, also fromdistributed base
stations and mobile users, is shorter than the OFDM cyclic
prefix in use.

Returning to the model, it can be observed in (2) and
(3) that the phase offsets due to 𝜏

𝑖
, 𝜏

𝑗
, 𝜑

𝑖
, and 𝜑

𝑗
may be

considered, without loss of generality, as part of the channel.
It follows that we may choose 𝜏

𝑖
= 0, 𝜏

𝑗
= 0, 𝜑

𝑖
= 0, and

𝜑
𝑗
= 0. We also point out that, in a practical implementation,

for the 𝑗th OFDM receiver branch, the output of its FFT
corresponds to a sequence of samples of 𝑌

𝑗
(𝑓) taken at

frequencies 𝑓 = 𝑙/𝑁
𝑠
𝑇
𝑗
= 𝑙𝛿

𝑗
, where 𝑙 is the subcarrier

index (−𝑁
𝑠
/2 ≤ 𝑙 ≤ 𝑁

𝑠
/2 − 1) and 𝛿

𝑗
is the receiver-side

intercarrier spacing. Note that 𝑙 points to a slightly different
frequency at each receive branch due to the different SFO and
generally also to a different frequency than that pointed at
by index 𝑘 at the various transmit branches 𝑖. Imposing the
above conditions on (2) and (3), and focusing on an arbitrary
received subcarrier 𝑙 = 𝑘, we obtain the following discrete-
frequency signal model:

𝑌
𝑗
(𝑘) = 𝑈

𝑗
(𝑘) + 𝑈

𝑗
(𝑘) + 𝑁

𝑗
(𝑘) , (5)

with

𝑈
𝑗
(𝑘) =

𝑁
𝑡

∑

𝑖=1

𝛽
𝑗𝑖
(𝑘, 𝑘)𝑋

𝑖
(𝑘)𝐻

𝑗𝑖
(𝑘) , (6)

𝑈
𝑗
(𝑘) =

𝑁
𝑠
/2−1

∑

]=−𝑁
𝑠
/2

] ̸=𝑘

𝑁
𝑡

∑

𝑖=1

𝛽
𝑗𝑖
(𝑘, ]) 𝑋

𝑖
(])𝐻

𝑗𝑖
(]) , (7)
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𝛽
𝑗𝑖
(𝑘, ]) = 𝑒−𝚥2𝜋𝑛𝑁𝑔𝑇𝑗(𝑓𝑗−𝑓𝑖)

⋅ 𝑒
−𝚥2𝜋𝑛𝑁

𝑔
]𝛿
𝑖
(𝑇
𝑖
−𝑇
𝑗
)

⋅ 𝑒
−𝚥𝜋((𝑁

𝑠
−1)/𝑁

𝑠
)[(𝑘−](𝑇

𝑗
/𝑇
𝑖
))+(𝑓
𝑗
−𝑓
𝑖
)𝑇
𝑗
𝑁
𝑠
]

⋅
1

𝑁
𝑠

⋅

sin [𝜋 (𝑘 − ] (𝑇
𝑗
/𝑇

𝑖
)) + 𝜋 (𝑓

𝑗
− 𝑓

𝑖
) 𝑇

𝑗
𝑁
𝑠
]

sin [(𝜋/𝑁
𝑠
) (𝑘 − ] (𝑇

𝑗
/𝑇

𝑖
)) + 𝜋 (𝑓

𝑗
− 𝑓

𝑖
) 𝑇

𝑗
]

,

(8)

and with 𝑁
𝑗
(𝑘) being the receiver-side AWGN, of power

𝑁
0
𝛿
𝑗
. Note that in (6) and (7) we have approximated and

defined𝐻
𝑗𝑖
(𝑘𝛿

𝑖
+𝑓

𝑖
−𝑓

𝑐
) ≈ 𝐻

𝑗𝑖
(𝑘𝛿

𝑖
) ≜ 𝐻

𝑗𝑖
(𝑘), because |𝑓

𝑖
−𝑓

𝑐
|

is assumed to bemuch smaller than the coherence bandwidth
of the channel.

In practical system implementation, the carrier and
sampling frequency clocks of a transmitter or receiver are
derived from the same reference, that is, from the same local
oscillator. Thus, for the product of an arbitrary 𝑖th carrier
frequency and sampling period𝑓

𝑖
⋅𝑇
𝑖
≜ 𝜅, it holds that 𝜅 ≫ 1,

as the (ideal) carrier frequency 𝑓
𝑐
is two to three orders of

magnitude larger than the (ideal) sampling frequency 1/𝑇.
The constant 𝜅 depends only on the system and hardware
design and is independent of 𝑖.

Considering this relationship in (8), it is straightforward
to see that the exponent in the expression’s second line, which
captures the SFO effect on 𝛽

𝑗𝑖
(𝑘, ]) and which is maximized

for ] = 𝑁
𝑠
, still remains 𝜅 times smaller than the exponent

in the first line capturing the CFO effect. Similar findings can
be observed comparing the influence of SFO with the one of
the CFO onto the terms in the third and the fourth line of
(8). Thus, it can be safely said that the impact of the SFO on
𝛽
𝑗𝑖
(𝑘, ]) is significantly weaker than the impact of the CFO,

when using the same oscillator reference for both, at each
individual transmitter and receiver.

The derivations up to here have been presented including
both CFO and SFO for the sake of completeness, as well as
for further reference. Expressions (5) through (8) provide the
exact signal model, which characterizes the joint effect of
multiple CFOs and SFOs over consecutive OFDM symbols
in MIMO transmissions and is one important contribution
of this work. However, beyond signal modeling, this work
further aims to identify the major degradation sources,
analyze the performance degradation, and determine from
there the actual system requirements. To this end, in the
following, we focus on the CFO and neglect the SFO, by
assuming ideal sampling for all transmitters and receivers.
With 𝑇

𝑖
= 𝑇

𝑗
= 𝑇, (8) becomes

𝛽
𝑗𝑖
(𝑘, ]) = 𝑒−𝚥2𝜋[(𝑓𝑗−𝑓𝑖)𝑡𝑛+((𝑁𝑠−1)/2𝑁𝑠)(𝑘−])]

⋅
1

𝑁
𝑠

sin [𝜋 (𝑘 − ]) + 𝜋 (𝑓
𝑗
− 𝑓

𝑖
) 𝑇𝑁

𝑠
]

sin [(𝜋/𝑁
𝑠
) (𝑘 − ]) + 𝜋 (𝑓

𝑗
− 𝑓

𝑖
) 𝑇]

.

(9)

The discrete time variable 𝑡
𝑛
≜ (𝑛𝑁

𝑔
+ (𝑁

𝑠
− 1)/2)𝑇 has been

defined for convenience and is measured in seconds.
Expressions (5) to (9) provide the discrete-frequency

signal model for a MIMO-OFDM communication system in

the presence of multiple CFOs and SFOs as a function of time
and will be used in the following section.

3. Precoded Multicell Downlink Signal Model

Now we specialize the model obtained in Section 2 to the
CoMPdownlink including joint precoding of the data signals.
Here, the required channel state information (CSI) for the
precoder calculation is estimated either at the base stations or
at the terminals and fed back to the base stations, depending
onwhether timedivision duplex (TDD)or frequency division
duplex (FDD) is used. For distributed base stations, coordi-
nation by means of a backhaul network is considered, which
enables fast exchange of data and CSI.

It is to be noted that channel estimation errors and CSI
delays due to the feedback and the backhaul network are
not considered in this work. Their effect on JT CoMP is
important andmight even overwhelm the effects of imperfect
synchronization, which we are analyzing here. A distinct
analysis by the authors which includes the effect of imperfect
channel knowledge and derives the resulting performance
limitations can be found in [33]. We will therefore assume
here that perfect knowledge of the downlink MIMO channel
matrix is available at the base stations and is used for real-time
precoding of the downlink signals. As already mentioned in
Section 2, residual phase terms due toCFOs and SFOs are also
considered as part of the (perfectly estimated) channel. We
consider 𝑁

𝑢
users, equipped with single-antenna terminals,

which are jointly served by𝑁
𝑏
coordinated antenna branches

among all base stations forming the cooperation cluster.
There is no exchange of information between mobile users
and out-of-cluster transmission is not considered in our
model.

Transmissions are precoded on each OFDM subcarrier 𝑘
with the right-hand pseudoinverse of the𝑁

𝑢
× 𝑁

𝑏
downlink

MIMO channel matrixH(𝑘) for that subcarrier, given by

W (𝑘) = H𝐻

(𝑘) [H (𝑘)H𝐻

(𝑘)]
−1

. (10)

The inverse is of size 𝑁
𝑏
× 𝑁

𝑢
and we assume it exists for

𝑁
𝑏
> 𝑁

𝑢
. Note that this condition can be met in practice

by appropriate user selection and clustering of base stations,
which is thereby assumed.

Next, consider S(𝑘) to be an 𝑁
𝑢
× 1 vector that contains

the complex-valued data symbols 𝑠
𝑢
(𝑘) to be transmitted to

the𝑁
𝑢
users on subcarrier 𝑘. Then, the𝑁

𝑏
× 1 vector X(𝑘) of

precoded symbols𝑋
𝑏
(𝑘) to be transmitted on subcarrier 𝑘 by

the𝑁
𝑏
base stations is X(𝑘) = W(𝑘)S(𝑘), where elements are

given by

𝑋
𝑏
(𝑘) =

𝑁
𝑢

∑

𝑢=1

𝑤
𝑏𝑢
(𝑘) 𝑠

𝑢
(𝑘) , (11)

and 𝑤
𝑏𝑢
(𝑘) are the elements ofW(𝑘). Transmitter index 𝑖 has

been replaced with 𝑏 to stress that, from here on, transmitters
are base stations. Imposing the expression of the precoded
symbol (11) into 𝑈

𝑗
(𝑘) given by (6), we obtain the on-carrier

signal on subcarrier 𝑘 of user 𝑗, given by
𝑈
𝑗
(𝑘) = ̌𝑠

𝑗
(𝑘) + 𝑠

𝑗
(𝑘) , (12)
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with

̌𝑠
𝑗
(𝑘) = 𝑠

𝑗
(𝑘)

𝑁
𝑏

∑

𝑏=1

𝛽
𝑗𝑏
(𝑘, 𝑘)𝐻

𝑗𝑏
(𝑘) 𝑤

𝑏𝑗
(𝑘) , (13)

𝑠
𝑗
(𝑘) =

𝑁
𝑢

∑

𝑢=1

𝑢 ̸=𝑗

𝑠
𝑢
(𝑘)

𝑁
𝑏

∑

𝑏=1

𝛽
𝑗𝑏
(𝑘, 𝑘)𝐻

𝑗𝑏
(𝑘) 𝑤

𝑏𝑢
(𝑘) . (14)

An arbitrary user 𝑗 has been singled out in (13) from the
remaining users. Thus, ̌𝑠

𝑗
(𝑘) represents the self-signal, while

𝑠
𝑗
(𝑘) represents the IUI observed by user 𝑗, given by (14).This

interference is due to the loss of orthogonality of the precoded
transmission to multiple users, caused by synchronization
impairments. Imposing (11) into 𝑈

𝑗
(𝑘) in (7), we obtain the

ICI on subcarrier 𝑘 of user 𝑗, given by

𝑈
𝑗
(𝑘) =

𝑁
𝑠
/2−1

∑

]=−𝑁
𝑠
/2

] ̸=𝑘

𝑁
𝑢

∑

𝑢=1

𝑠
𝑢
(])

𝑁
𝑏

∑

𝑏=1

𝛽
𝑗𝑏
(𝑘, ])𝐻

𝑗𝑏
(]) 𝑤

𝑏𝑢
(]) . (15)

Our complete discrete-frequency CoMP downlink signal
model is then

𝑌
𝑗
(𝑘) = ̌𝑠

𝑗
(𝑘) + 𝑠

𝑗
(𝑘) + 𝑈

𝑗
(𝑘) + 𝑁

𝑗
(𝑘) , (16)

with ̌𝑠
𝑗
(𝑘), 𝑠

𝑗
(𝑘), and 𝑈

𝑗
(𝑘) given by (13), (14), and (15),

respectively, and 𝑁
𝑗
(𝑘) being the AWGN of power 𝑁

0
𝛿
𝑗
. It

is noted that the model of Section 3 is valid independently if
for 𝛽

𝑗𝑖
(𝑘, ]) the exact expression (8) or its simplification (9) is

used, where the SFO is neglected.

4. Analysis of Signal and Interference Powers

The following section contains an in-depth analysis of the
impact of synchronization impairments onto the perfor-
mance. It is organized as follows: first, we study the power
of a user’s self-signal (useful signal) and then the IUI and
ICI. Next, we show that ICI is small compared to IUI and
provide analytical expressions for the mean SIR. Finally, we
highlight the value of user selection and show its impact onto
the performance.

Conceptually, the rise of IUI and ICI due to imperfect
synchronization can be understood as a dispersion of the
energy allocated on a specific subcarrier of a specific user to
other users (IUI) and to other subcarriers (ICI). This implies
a drop of the self-signal power and a rise, on that user and
that subcarrier, of the power of IUI and ICI from other users’
and other subcarriers’ losses. In what follows, we proceed
under the assumption that data symbols are statistically
independent between users and across subcarriers; that is,
E{𝑠

𝑗
(𝑘)𝑠

∗

𝑢
(])} = 𝐸

𝑠
𝛿
𝑗𝑢
𝛿
𝑘], where E{⋅} denotes the expectation

operator, 𝐸
𝑠
the mean energy per data symbol, and 𝛿

𝑥𝑦
the

Kronecker delta between 𝑥 and 𝑦.

4.1. Power of the User’s Self-Signal. Since there is statistical
independence between data symbols, channel coefficients,

and synchronization parameters, themeanpower of the user’s
self-signal (13) is

E {

̌𝑠
𝑗



2

} = 𝐸
𝑠

𝑁
𝑏

∑

𝑏
1
=1

𝑁
𝑏

∑

𝑏
2
=1

E {𝛽
𝑗𝑏
1

𝛽
∗

𝑗𝑏
2

}E {𝐻
𝑗𝑏
1

𝑤
𝑏
1
𝑗
𝐻
∗

𝑗𝑏
2

𝑤
∗

𝑏
2
𝑗
} ,

(17)

where subcarrier index 𝑘 has been omitted for simplicity of
notation and cross-terms equal to zero have been already
disregarded.

In a first step, we analyze E{𝛽
𝑗𝑏
1

𝛽
∗

𝑗𝑏
2

}, which appears in
(17). Using therefore ] = 𝑘 in (9) and replacing transmitter
index 𝑖 with base station index 𝑏, we reach

𝛽
𝑗𝑏
=

1

𝑁
𝑠

⋅ 𝑒
−𝚥2𝜋(𝑓

𝑗
−𝑓
𝑏
)𝑡
𝑛 ⋅

sin [𝜋 (𝑓
𝑗
− 𝑓

𝑏
) 𝑇𝑁

𝑠
]

sin [𝜋 (𝑓
𝑗
− 𝑓

𝑏
) 𝑇]

, (18)

which does not depend on the subcarrier index 𝑘. By noting
that |𝑓

𝑗
− 𝑓

𝑏
| ≪ 1/𝑇, we can safely say that the argument 𝑥 =

𝜋(𝑓
𝑗
− 𝑓

𝑏
)𝑇 of the sin(𝑥) in the denominator of the fraction

on the right-hand side of (18) is very small. The same term
also appears in the exponential term, and both multiplicative
terms in (18) are close to one. But, comparing the magnitude
deviations from unity, we see that for typical synchroniza-
tion parameters |1 − (1/𝑁

𝑠
)(sin(𝑁

𝑠
𝑥)/ sin(𝑥))| ≪ |1 −

𝑒
−𝚥(2.14𝑛+1)𝑁

𝑠
𝑥

| (this results in𝑁
𝑠
≫ 1 and a cyclic prefix equal

to 0.07𝑁
𝑠
[31]). In absolute terms, we can further use the first

order Taylor series expansion (1/𝑁
𝑠
)(sin(𝑁

𝑠
𝑥)/ sin(𝑥)) ≈ 1

and reach

𝛽
𝑗𝑏
1

𝛽
∗

𝑗𝑏
2

≈ 𝑒
−𝚥2𝜋(𝑓

𝑗
−𝑓
𝑏1
)𝑡
𝑛 ⋅ 𝑒

𝚥2𝜋(𝑓
𝑗
−𝑓
𝑏2
)𝑡
𝑛 = 𝑒

𝚥2𝜋(𝑓
𝑏1
−𝑓
𝑏2
)𝑡
𝑛 . (19)

It is interesting to observe that the power of the exponential
term, as approximated in (19), depends on the difference
between the base stations’ carrier frequencies.The power loss
effect of the symbol transmitted on subcarrier 𝑘, which is the
generating factor of ICI, depends on both the CFOs of the
base stations and of the mobile users.The effect that has been
neglected here due to its relatively small role compared to
the one of the exponential term will be however thoroughly
analyzed in Section 4.2.

For transmission from one base station, that is, for case
𝑏
1
= 𝑏

2
, it is immediate that (19) equals one. For 𝑏

1
̸= 𝑏

2
,

it is reasonable to assume that different base stations’ carrier
frequencies 𝑓

𝑏
1

and 𝑓
𝑏
2

are statistically independent, which
allows for expressing the expectation of (19) as a product of
two terms, each depending on one base station’s CFO:

E {𝛽
𝑗𝑏
1

𝛽
∗

𝑗𝑏
2

} = E {𝑒
𝚥2𝜋(𝑓

𝑏1
−𝑓
𝑐
)𝑡
𝑛} ⋅ E {𝑒

−𝚥2𝜋(𝑓
𝑏2
−𝑓
𝑐
)𝑡
𝑛} . (20)

By assuming further that theCFOs are identically distributed,
the second term of the right-hand side in (20) is the complex-
conjugate of the first one; hence (20) can be developed as

E {𝛽
𝑗𝑏
1

𝛽
∗

𝑗𝑏
2

} =

E {𝑒

−𝚥2𝜋(𝑓
𝑏
−𝑓
𝑐
)𝑡
𝑛}


2

=


∫ 𝑝

(𝑓
𝑏
−𝑓
𝑐
)
𝑒
−𝚥2𝜋(𝑓

𝑏
−𝑓
𝑐
)𝑡
𝑛𝑑 (𝑓

𝑏
− 𝑓

𝑐
)



2

,

(21)
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where 𝑝
(𝑓
𝑏
−𝑓
𝑐
)
denotes the probability distribution function

(pdf) of the CFO (𝑓
𝑏
− 𝑓

𝑐
) and is independent on index 𝑏. It

is to be noted that the integral in (21) is a Fourier transform
of the CFO’s pdf. Hence, we can write

E {𝛽
𝑗𝑏
1

𝛽
∗

𝑗𝑏
2

} =
{

{

{

1, 𝑏
1
= 𝑏

2


F

𝑝
(𝑡
𝑛
)


2

, 𝑏
1

̸= 𝑏
2
,

(22)

where F
𝑝
(⋅) denotes the Fourier transform of 𝑝

(𝑓
𝑏
−𝑓
𝑐
)
and is

here a function of time. For being a characteristic function,
that is, the Fourier transform of a pdf, it is guaranteed
that |F

𝑝
(𝑡
𝑛
)| ≤ 1 (see [32]), which means that the power

of the user’s self-signal (17) drops under imperfect carrier
synchronization conditions.

Result (22) can be used for developing (17) further by
separating the sum over 𝑏

2
into the cases 𝑏

2
= 𝑏

1
and 𝑏

2
̸= 𝑏
1
:

E {

̌𝑠
𝑗



2

} = 𝐸
𝑠
⋅

𝑁
𝑏

∑

𝑏=1

E {

𝐻
𝑗𝑏
𝑤
𝑏𝑗



2

} + 𝐸
𝑠
⋅

F

𝑝
(𝑡
𝑛
)


2

⋅

𝑁
𝑏

∑

𝑏
1
=1

𝑁
𝑏

∑

𝑏
2
=1

𝑏
2
̸=𝑏
1

E {𝐻
𝑗𝑏
1

𝐻
∗

𝑗𝑏
2

𝑤
𝑏
1
𝑗
𝑤
∗

𝑏
2
𝑗
}

= 𝐸
𝑠
⋅ (1 −


F

𝑝
(𝑡
𝑛
)


2

) ⋅

𝑁
𝑏

∑

𝑏=1

E {

𝐻
𝑗𝑏
𝑤
𝑏𝑗



2

}

+ 𝐸
𝑠
⋅

F

𝑝
(𝑡
𝑛
)


2

⋅

𝑁
𝑏

∑

𝑏
1
=1

𝑁
𝑏

∑

𝑏
2
=1

E {𝐻
𝑗𝑏
1

𝐻
∗

𝑗𝑏
2

𝑤
𝑏
1
𝑗
𝑤
∗

𝑏
2
𝑗
} .

(23)

The double sum in the last line in (23) can be formulated as

𝑁
𝑏

∑

𝑏
1
=1

𝑁
𝑏

∑

𝑏
2
=1

E {𝐻
𝑗𝑏
1

𝐻
∗

𝑗𝑏
2

𝑤
𝑏
1
𝑗
𝑤
∗

𝑏
2
𝑗
}

= E
{

{

{

𝑁
𝑏

∑

𝑏
1
=1

𝐻
𝑗𝑏
1

𝑤
𝑏
1
𝑗
⋅

𝑁
𝑏

∑

𝑏
2
=1

𝐻
∗

𝑗𝑏
2

𝑤
∗

𝑏
2
𝑗

}

}

}

,

(24)

which, by considering the ZF condition

𝑁
𝑏

∑

𝑏=1

𝐻
𝑗𝑏
𝑤
𝑏𝑢
= 𝛿

𝑗𝑢
, (25)

is found to be equal to 1. Thus, (23) can be written as

E {

̌𝑠
𝑗



2

} = 𝐸
𝑠
[1 − (1 −


F

𝑝
(𝑡
𝑛
)


2

)𝐾U] , (26)

where we defined𝐾U = 1 −∑
𝑁
𝑏

𝑏=1
E{|𝐻

𝑗𝑏
𝑤
𝑏𝑗
|
2

}. Note that (25)
cannot be applied to the sum terms in the first and third line of
(23) because of the power index.The constant𝐾U depends on
the precoder and the channel statistical properties. As shown
in Appendix A for ZF precoding, given a channel matrix with
𝑁
𝑏
> 𝑁

𝑢
and complex Gaussian independent and identically

distributed (i.i.d.) entries (Rayleigh fading channel), with
zero mean and variance 𝜎2

ℎ
,𝐾U can be approximated as

𝐾U ≈ 1 −
1

𝑁
𝑏
− 𝑁

𝑢

. (27)

If we further consider the case in which the CFOs of the
base stations are Gaussian i.i.d. with zero mean and variance
𝜎
2

𝑓
, the Fourier transform in (22) becomes


F

𝑝
(𝑡
𝑛
)


2

= 𝑒
−4𝜋
2
𝜎
2

𝑓
𝑡
2

𝑛 ≈ 1 − 4𝜋
2

𝜎
2

𝑓
𝑡
2

𝑛
, (28)

where the first order Taylor series expansion 𝑒−𝑥 ≈ 1 − 𝑥 has
been used. It is to be noted that this approximation is accurate
for typical values of 𝜎

𝑓
and 𝑡

𝑛
. Using approximations (27) and

(28), we can formulate themeanpower of the user’s self-signal
(26) as

E {

̌𝑠
𝑗



2

} ≈ 𝐸
𝑠
[1 − 4𝜋

2

𝜎
2

𝑓
𝑡
2

𝑛
⋅ (1 −

1

𝑁
𝑏
− 𝑁

𝑢

)] , (29)

from where we see that it decreases linearly with the base
stations’ CFO variance and quadratically with time. Result
(29) also shows that the mean power of the self-signal grows
with the number of base stations and drops with the number
of users. It is noteworthy that, for 𝑁

𝑢
= 𝑁

𝑏
− 1, the mean

power of the self-signal remains constant. However, this
should not be used as a system design rule; as for determining
the system performance, the degradation due to IUI and ICI
must be considered as well.

4.2. Power of the Interuser Interference. The derivation of the
mean power of the IUI (14) follows similar steps as the ones
in Section 4.1. Concretely,

E {

𝑠
𝑗



2

} = 𝐸
𝑠
⋅

𝑁
𝑢

∑

𝑢=1

𝑢 ̸=𝑗

𝑁
𝑏

∑

𝑏
1
=1

𝑁
𝑏

∑

𝑏
2
=1

E {𝛽
𝑗𝑏
1

𝛽
∗

𝑗𝑏
2

}

⋅ E {𝐻
𝑗𝑏
1

𝑤
𝑏
1
𝑢
𝐻
∗

𝑗𝑏
2

𝑤
∗

𝑏
2
𝑢
} ,

(30)

and noting that in this case always 𝑗 ̸= 𝑢 in (25), we find that

E {

𝑠
𝑗



2

} = 𝐸
𝑠
(1 −


F

𝑝
(𝑡
𝑛
)


2

)𝐾IUI, (31)

where𝐾IUI = ∑
𝑁
𝑢

𝑢=1,𝑢 ̸=𝑗
∑
𝑁
𝑏

𝑏=1
E{|𝐻

𝑗𝑏
𝑤
𝑏𝑢
|
2

}. If all users undergo
identical channel statistics,𝐾IUI simplifies to𝐾IUI = (𝑁𝑢

−1) ⋅

∑
𝑁
𝑏

𝑏=1
E{|𝐻

𝑗𝑏
𝑤
𝑏𝑢
|
2

}, whereas using the results of Appendix A
for the Rayleigh fading channel and𝑁

𝑏
> 𝑁

𝑢
, we find

𝐾IUI ≈
𝑁
𝑢
− 1

𝑁
𝑏
− 𝑁

𝑢

. (32)

Using (32) and (28) in (31), we obtain

E {

𝑠
𝑗



2

} ≈ 𝐸
𝑠
⋅ 4𝜋

2

𝜎
2

𝑓
𝑡
2

𝑛
⋅
𝑁
𝑢
− 1

𝑁
𝑏
− 𝑁

𝑢

. (33)

Result (33) reveals that the IUI power grows linearly with
the base stations’ CFO variance and quadratically with time.
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Using more base stations decreases the IUI power, while
adding more users results in increasing it. Due to the
approximation used in (19), it can be said that the impact
of the mobile users’ CFO onto the IUI power level is less
significant than the impact of the base stations’ CFOs.

4.3. Power of the Intercarrier Interference. Following similar
steps as before, now for (15), the mean power of the ICI is

E {

𝑈
𝑗
(𝑘)



2

}

= 𝐸
𝑠
⋅

𝑁
𝑠
/2−1

∑

]=−𝑁
𝑠
/2

] ̸=𝑘

𝑁
𝑢

∑

𝑢=1

𝑁
𝑏

∑

𝑏
1
=1

𝑁
𝑏

∑

𝑏
2
=1

E {𝛽
𝑗𝑏
1

(𝑘, ]) 𝛽∗
𝑗𝑏
2

(𝑘, ])}

⋅ E {𝐻
𝑗𝑏
1

(]) 𝑤
𝑏
1
𝑢
(])𝐻∗

𝑗𝑏
2

(]) 𝑤∗
𝑏
2
𝑢
(])} .

(34)

Assuming identical channel statistics for all subcarriers, the
last term in (34) does not depend on subcarrier index ] and
becomes E{𝐻

𝑗𝑏
1

𝑤
𝑏
1
𝑢
𝐻
∗

𝑗𝑏
2

𝑤
∗

𝑏
2
𝑢
}, already seen in Sections 4.1

and 4.2. For convenience we define
𝑁
𝑠
/2−1

∑

]=−𝑁
𝑠
/2

] ̸=𝑘

E {𝛽
𝑗𝑏
1

(𝑘, ]) 𝛽∗
𝑗𝑏
2

(𝑘, ])} ≜
{

{

{

𝐵
1
, 𝑏

1
= 𝑏

2

𝐵
2
, 𝑏

1
̸= 𝑏
2
,

(35)

which is analyzed inAppendix B. In (34), we separate the sum
over 𝑏

2
into the cases 𝑏

2
= 𝑏

1
and 𝑏

2
̸= 𝑏
1
as in (23) and obtain

E {

𝑈
𝑗
(𝑘)



2

}

= 𝐸
𝑠
⋅ 𝐵

1
⋅

𝑁
𝑢

∑

𝑢=1

𝑁
𝑏

∑

𝑏=1
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𝐻
𝑗𝑏
𝑤
𝑏𝑢



2

}

+ 𝐸
𝑠
⋅ 𝐵

2
⋅

𝑁
𝑢

∑

𝑢=1

𝑁
𝑏
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𝑏
1
=1

𝑁
𝑏

∑

𝑏
2
=1

𝑏
2
̸=𝑏
1
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𝑗𝑏
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𝑤
𝑏
1
𝑢
𝐻
∗

𝑗𝑏
2

𝑤
∗

𝑏
2
𝑢
}

= 𝐸
𝑠
⋅ (𝐵

1
− 𝐵

2
) ⋅

𝑁
𝑢

∑

𝑢=1

𝑁
𝑏

∑

𝑏=1

E {

𝐻
𝑗𝑏
𝑤
𝑏𝑢



2

}

+ 𝐸
𝑠
⋅ 𝐵

2
⋅

𝑁
𝑢

∑

𝑢=1

𝑁
𝑏

∑

𝑏
1
=1

𝑁
𝑏

∑

𝑏
2
=1

E {𝐻
𝑗𝑏
1

𝑤
𝑏
1
𝑢
𝐻
∗

𝑗𝑏
2

𝑤
∗

𝑏
2
𝑢
} .

(36)

We use the expressions for 𝐵
1
and 𝐵

2
in Appendix B, which

provide accurate approximations for Gaussian distributed
CFOs for the base stations and the mobile user 𝑗 with zero
mean and variances 𝜎2

𝑓
and 𝜎2

𝑓,𝑗
, respectively, and reach

E {

𝑈
𝑗
(𝑘)



2

} ≈
𝐸
𝑠
𝜋
2

3𝛿2
⋅ (𝜎

2

𝑓
⋅ 𝐾ICI + 𝜎

2

𝑓,𝑗
) . (37)

Here, 𝐾ICI = ∑
𝑁
𝑢

𝑢=1
∑
𝑁
𝑏

𝑏=1
E{|𝐻

𝑗𝑏
𝑤
𝑏𝑢
|
2

} = 𝐾IUI − 𝐾U + 1 is a
constant. For aRayleigh fadingMIMOchannel, we use in (37)
the expression provided by Appendix A for𝐾ICI and reach

E {

𝑈
𝑗
(𝑘)



2

} ≈
𝐸
𝑠
𝜋
2

3𝛿2
⋅ (𝜎

2

𝑓
⋅

𝑁
𝑢

𝑁
𝑏
− 𝑁

𝑢

+ 𝜎
2

𝑓,𝑗
) . (38)

Expression (38) shows that the mean power of the user’s ICI
can be split into two additive parts: the first part depending
on the base stations’ CFO variance, which is multiplied with
a weighting factor 𝐾ICI according to the cluster size, and the
second part depending on the user’s own CFO. Furthermore,
(38) reveals that the power of the ICI does not vary with time
and that it is inverse to the square of the OFDM subcarrier
spacing.

4.4. ICI-to-IUI Ratio and SIR. The relative magnitudes of the
power terms derived so far in this section are analyzed next.
A simple expression for the mean ICI-to-IUI power ratio of
a user 𝑗 (an interference-to-interference ratio, IIR) can be
obtained from (33) and (38):

IIR =

E {

𝑈
𝑗



2

}

E {

𝑠
𝑗



2

}

≈
1

12𝛿2𝑡2
𝑛

⋅ (
𝑁
𝑢

𝑁
𝑢
− 1

+ 𝜉
2
𝑁
𝑏
− 𝑁

𝑢

𝑁
𝑢
− 1

) , (39)

with 𝑁
𝑏
> 𝑁

𝑢
≥ 2 and 𝜉 = 𝜎

𝑓,𝑗
/𝜎

𝑓
defined as the ratio

between the standard deviations of the user’s and the base
stations’ CFOs. By replacing 𝛿 = (𝑁

𝑠
𝑇)

−1 and discrete time
𝑡
𝑛
= (1.07𝑛 + 0.5)𝑁

𝑠
𝑇 (this results in 𝑁

𝑠
≫ 1 and a cyclic

prefix equal to 0.07𝑁
𝑠
[33]), relation (39) becomes

IIR ≈
1

12 (1.07𝑛 + 0.5)
2
⋅ (

𝑁
𝑢

𝑁
𝑢
− 1

+ 𝜉
2
𝑁
𝑏
− 𝑁

𝑢

𝑁
𝑢
− 1

) . (40)

It is interesting to observe that, in the approximation (40),
the IIR does not depend on the OFDM system parameters
but only on the OFDM symbols index 𝑛.

Regarding the ratio 𝜉, it has been shown in [14, 21]
that mobile terminals attain a carrier frequency accuracy,
which is at least one order of magnitude below the accuracy
of typical base station oscillators used in Third Generation
Partnership Project (3GPP) Long Term Evolution (LTE) [31].
Assuming, for instance, 𝜉2 ≫ 1, the first additive term in (40)
becomes much smaller than the second term, indicating that
the terminals’ CFO is the main source of ICI. Using 𝜉 = 0,
one can evaluate the IIR including only the ICI part due to the
base stations’ CFOs; in this case, the ratio does not depend on
the base stations’ CFOs at all. Using a more practical value of,
for example, 𝜉 = 10, the largest possible IIR after 𝑛 = 14

OFDM symbols (𝑡
𝑛
≈ 1ms), which occurs with 𝑁

𝑢
= 2

users given 𝑁
𝑏
= 7, equals −7.3 dB. The IIR drops quickly,

down already to −27.3 dB for 𝑛 = 140 (𝑡
𝑛
≈ 10ms). These

quantitive results show that for typical JT CoMP scenarios,
the IUI dominates over the ICI.

Wewill nowneglect the ICI and define themean SIR (self-
user signal-to-IUI ratio) by the ratio between (26) and (31):

SIR =


F

𝑝
(𝑡
𝑛
)


2

(1 −

F

𝑝
(𝑡
𝑛
)


2

)𝐾IUI

−
1

𝑁
𝑢
− 1

. (41)

For a MIMO channel with i.i.d. Rayleigh fading entries (𝐾IUI
given by (32)) and for i.i.d. Gaussian CFOs (|F

𝑝
(𝑡
𝑛
)|
2 given

by (28)), (41) can be simplified as

SIR ≈
1

4𝜋2𝜎
2

𝑓
𝑡2
𝑛

⋅
𝑁
𝑏
− 𝑁

𝑢

𝑁
𝑢
− 1

−
𝑁
𝑏
− 𝑁

𝑢
+ 1

𝑁
𝑢
− 1

. (42)
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Expressions (41) and (42) are valid for 𝑁
𝑏
> 𝑁

𝑢
≥ 2.

Expression (42) reveals that, for ZF precoding, the mean SIR
is in an approximately inverse relation to the base stations’
CFO variance and to the square of time. Furthermore, it is
shown that the SIR grows with the number of base stations
and drops with the number of jointly served users.

4.5. TheValue of User Selection in JTCoMPand an SIRBound.
The SNR gains in JT CoMP are increased if a scheduler
selects the appropriate users to be jointly served on the
same time and frequency resources. As shown in [34], the
selection criteria are based on the rule that all users gain
from the cooperation in the cluster, compared to the case of
noncoordinated transmission. Evaluated on a field scenario,
the resulting singular value statistics after such user selection
was found to be comparable to the one of a Rayleigh fading
channel, a fact that also relates to scenarios where users are
located close to the cell edge, that is, in which gains through
coordination are particularly large.

Considering now an idealized scenario, from the precod-
ing point of view, with orthogonal channel vectors of equal
power among the users, scenario which has been analyzed in
[5, 11], an upper bound can be derived for the mean SIR using
ZF precoding in JT CoMP. Using the expression for 𝐾IUI as
provided in Appendix A for 𝑁

𝑏
> 𝑁

𝑢
≥ 2, we obtain the

following expression:

SIRmax ≈
1

4𝜋2𝜎
2

𝑓
𝑡2
𝑛

⋅
𝑁
𝑏

𝑁
𝑢
− 1

−
𝑁
𝑏
+ 1

𝑁
𝑢
− 1

. (43)

The distance between (42) and (43) reveals the potential for
SIR enhancement, if the users’ selection process considers the
orthogonality among their channel vectors.

It should be clarified at this point that (42) and (43) do not
consider any gains from resource allocation, the evaluation
of which not in the scope of this work. In an orthogonal
frequency division multiple access (OFDMA) system, each
user can be assigned a part of the spectrum in a way that his
performance and the network performance can be optimized,
as known from [35] and also shown in [36] for the multiuser
downlink.

The signal model given in Section 3 for the impaired
OFDM-based JT CoMP is valid for any OFDMA scheme.
Using OFDMA in the downlink does not affect the signal
structure of a user’s received self-signal and the IUI. The
ICI also has the same structure and statistical properties,
as typically data are transmitted on all subcarriers, which is
recommended for keeping frequency-flat distribution of the
ICI power [13]. The degradation mechanisms due to multiple
CFOs and SFOs, as described in our model, will be the same
for any system using OFDM.

What indeed changes in OFDMA is the channel statis-
tics for each user after resource allocation. Therefore, if
intended to evaluate the overall performance of a coordinated
multipoint system using OFDMA, the general mean power
expressions (26), (31), and (37) would need to be evaluated for
the actual users’ channel statistics. This procedure practically
implies a calculation of constants𝐾U,𝐾IUI, and𝐾ICI.

In this section, the received power of a user was studied
in relation to the interference from other users and other
subcarriers, in amulticellular multiuser downlink with coop-
erative base stations. Closed-form expressions and accurate
approximations for all relevant termswere derived.Moreover,
it was demonstrated that interuser interference has the most
relevant effect. Finally, the impact of the radio channel was
investigated and analytical SIR expressions were derived for
zero-forcing precoding.

5. Evaluation and Numerical Validation

In this section, analytical results of Section 4 are evaluated
and verified by simulations. Based on those results, adequate
requirements are determined for the base stations’ oscillators
in CoMP systems.

A JT CoMP scenario is considered, where a cooperation
cluster of 𝑁

𝑏
= 7 base stations transmits jointly by using

zero-forcing precoding to 𝑁
𝑢
terminals on the same time

and frequency resource, with 𝑁
𝑏
> 𝑁

𝑢
≥ 2. Out-of-cluster

interference is not considered.
At time instant 𝑡 = 0, the base stations receive an update

of the downlink channel matrix and compute a precoding
matrix. This will be used during the following 10ms, time
at which a new channel update will be obtained and a new
precoder will be calculated. This routine agrees with the
current 3GPP LTE channel and precoder updating cycle [31].
As already mentioned in Section 3, it is assumed that the
radio channel is perfectly estimated and available at the base
stations at 𝑡 = 0, whereas channel aging effects are not
considered either. Between updating instants, the phases of
the local base stations’ oscillators slowly drift away from
each other because of the individual frequency offsets with
respect to the ideal carrier frequency 𝑓

𝑐
. As a consequence,

self-signal drops, IUI grows, and overall the SIR drops with
time. In a practical system, each user can use downlink pilot
symbols to estimate and equalize its own CFO and avoid ICI
enhancement. However, mobiles cannot stop the IUI from
rising, because the degradation is caused jointly by all the
misaligned base station oscillators.

The oscillator accuracy Osc, typically specified in parts
per million (ppm) or parts per billion (ppb), relates to the
standard deviation of the resulting carrier frequency as 𝜎

𝑓
=

Osc ⋅ 𝑓
𝑐
. The CFO variation over time is assumed to be slow

enough to be considered static with respect to the signaling
and precoder updating timescale. Here, Gaussian i.i.d. CFOs
are randomly assigned to base stations and mobile users, all
with zero mean and standard deviations given by 𝜎

𝑓
and 𝜎

𝑓,𝑗
,

respectively.
Typical 3GPP LTE parameters are used, specified in [31].

The broadband OFDM signal has 𝑁
𝑠
= 2048 subcarriers,

separated by 𝛿 = 15 kHz.The length of the cyclic prefix is 144
samples, resulting in OFDM symbols with a length of 𝑁

𝑔
=

2192 samples. The ideal carrier and sampling frequencies are
𝑓
𝑐
= 2.65GHz and 1/𝑇 = 30.72MHz, respectively. The

energy per data symbol is set to 𝐸
𝑠
= 1.

Figure 2 depicts the mean power of the IUI and ICI over
time passed from the last precoder update (in logarithmic
scale), for 3 and 6 mobile users, a base station oscillator
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Figure 2: Mean power of interuser and intercarrier interferences in
a Rayleigh fading channel. Here, 7 base stations serve 3 and 6 users,
respectively. Analytical results are shown by lines, while markers
show numerical evaluations.

accuracy of 1 ppb, and Rayleigh fading channel conditions.
The curves illustrate analytical results given by (33) and
(38), whereas solid lines depict results for 3 users and
dashed lines for 6 users, respectively.Markers show respective
numerical evaluations of themeanpower of (14) and (15) over
10

3 independent realizations of the MIMO channel matrix
entries with 𝜎

2

ℎ
= 1 and of the bases’ CFOs. Regarding

the ICI, two scenarios are considered: a scenario with 𝜉 =

0, that is, perfectly synchronized mobile users, in order to
evaluate solely the ICI due to the base stations’ CFOs (red)
and a second scenario with nonsynchronized mobiles, with a
CFO accuracy of an order of magnitude lower than the base
stations’ one, that is, 𝜉 = 10 (black), where the total ICI is
evaluated.

First of all, Figure 2 verifies the analytical expres-
sions (includingmathematical approximations) by numerical
means. It is further observed that the IUI grows approxi-
mately with the square of time and that it increases with the
number of users. Comparing the mean power levels of IUI
(blue curves) with the ICI, both caused by the base stations’
CFOs (red curves for 𝜉 = 0), we see that, independently of the
number of users and for typical feedback delays between 2ms
and 10ms, the IUI lies between 40 dB and 50 dB above the
power of ICI.This clearly indicates that the IUI is significantly
stronger than the ICI caused by the base stations’ CFOs.
Considering now the second scenario with nonperfectly
synchronized mobile users (𝜉 = 10), it can be observed that
the part of the ICI caused by the users’ CFO overwhelms the
ICI caused by the base stations’ CFOs. According to (38), the
(dominant) ICI due to a mobile user’s CFO does not depend
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Figure 3: Mean SIR over time for Rayleigh fading channel and SIR
upper bound. Here, 7 base stations using oscillators of accuracy
given by Osc serve jointly 6 users. Analytical results are shown by
lines, simulations by markers.

on the number of served users, which is reflected in the fact
that the black curves in Figure 2 evaluating the total ICI for
𝜉 = 10 almost overlap for the cases of 3 and 6 users. It is
also interesting to observe that the IUI power level due to
the cooperating base stations’ CFOs is still around 20 dB to
30 dB (for 3 users) and 30 dB to 40 dB (for 6 users) higher
than the total ICI power, considering typical feedback delays
between 2ms and 10ms. These results clearly show that in
the a cooperative network, even with typically nonperfectly
synchronized mobile users, the main interference source lies
in the base stations’ CFOs.

Figure 3 shows the SIR over the time, as defined in (41),
for𝑁

𝑏
= 7 base stations serving jointly𝑁

𝑢
= 6mobile users,

which is also the highest possible number for the Rayleigh
fading channel. The influence of the base stations’ oscillator
accuracy is evaluated, and the corresponding ICI is neglected
as it is significantly smaller than the IUI. Disregarding the ICI
also means that the synchronicity level of the mobile users is
not relevant, as it does not contribute the IUI.

For the Rayleigh fading channel, the analytical expression
(42) is compared with the ratio between the numerically
evaluated mean power of (13) and (14) over 103 independent
channel and CFO realizations, which validates our analysis
including the accuracy of the mathematical approximations.
Similarly, for the SIR upper bound expression, the analytical
expression (43) is compared with results from numerical
evaluation. From Figure 3 it is seen that a degradation of the
base station oscillators’ accuracy by one order of magnitude
increases the IUI and thus decreases the SIR by around 20 dB.
Furthermore, the SIR drops approximately quadratically with
time, that is, 20 dB per time decade. In terms of accuracy
requirements, it is found that, for reaching in average an
SNR of 20 dB 10ms after the precoder update, (free-running)
oscillators of 1 ppb are needed.
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Figure 4: Mean users’ SIR 10ms after most recent precoder update,
for the Rayleigh fading and upper bound. Here, 7 base stations
serve jointly from 2 to 6 users. Analytical results are shown by lines,
simulations by markers.

Figure 4 illustrates the mean SIR as function of the
number of users, which are served by 7 base stations at the
same time and frequency resource, for a time instant of 10ms
after the most recent precoder update. Such a time delay is
relatively large for a practical system and thus these results
should be interpreted more as a worst case rather than an
average situation.Here, analytical results based on (41) for the
Rayleigh fading channel and the SIR upper bound are verified
by numerical simulations. It is observed that, given the same
synchronization conditions, serving jointlymore users results
in a lower SIR compared to serving fewer users. It is also
observed that, as the number of users grows, the distance
between the SIR in Rayleigh fading and its upper bound
becomes larger. Practically this means that themore the users
that are jointly served, the higher the potential benefits if sets
of jointly served users are appropriately formed, as already
discussed in Section 4.5.

6. Recommendations for CoMP System Design

In this section, synchronization requirements for OFDM-
based JT CoMP and ways to meet them are discussed. It
can be seen from Figure 4 that if, for example, an average
SIR of at least 25 dB will be guaranteed at all times between
precoder updates and for the maximum allowed number
of users, then the accuracy of the base stations’ oscillators
needs to be 0.1 ppb. Note that base stations typically contain
already sufficiently precise oven-controlled crystal oscillators
(OCXOs); however, their frequencies need to be locked to
a common reference, which can be, for example, provided
by the GPS. The satellites of the GPS system are equipped
with Rubidium or Cesium oscillators, thus providing a highly

reliable reference below 1 𝜇s in terms of absolute time error
[37]. At each base station, equipped with a GPS receiver, the
local oscillator will be then phase-locked to the incoming
time signal from the GPS and will also follow its carrier
frequency. Practical synchronization of distributed stations in
a JT CoMP testbed is described in [27].

Other schemes, also for base stations with no GPS
connection, suggest that base stations are connected via
Ethernet to the backhaul network, over which, and by using
a network synchronization protocol such as IEEE1588 [38], a
common clock signal can be provided to them.This reference
signal can be then used for time synchronization, as well
as for recovering a carrier frequency reference at each site.
However, the precision of such protocols could be probably
not sufficient for JT CoMP. Therefore, additional over-the-
air synchronization procedures can be deployed, such as the
protocol proposed in [28]. Distributed base stations incor-
porate a suitable frequency estimator, for example, the ML-
based estimator described in [14], and additionally exchange
pilots for enhancing the network synchronicity. The protocol
can be also applied to networks with a large number of nodes
and does not require expensive oscillators.

7. Conclusions

An exact signal model for multiuser multicellular systems
using OFDM was derived, for transmissions impaired by
individual carrier and sampling frequency offsets on every
transmitter and receiver branch. The model was specialized
to the downlink of systems with cooperative base stations,
where precoding with the inverse of the channel matrix
was considered. It was analyzed how carrier frequency
misalignments among the cooperative base stations decrease
the power of the self-user’s signal and cause interuser and
intercarrier interference. Closed-form exact expressions and
accurate approximations were derived for the mean power
of the above signals and it was shown that, for practical
purposes, the interuser interference dominates on the inter-
carrier interference. Analytic expressions were also derived
for the mean SIR, for Rayleigh fading channel conditions as
well as an SIR upper bound for cooperative systems using
zero-forcing precoding. The mean SIR decreases quadrati-
cally with time and is inversely proportional to the variance of
the base stations’ frequency offsets. It grows with the number
of base stations and drops with the number of users jointly
served by them on the same time and frequency resource.
From a practical point of view, when a high SIR is targeted,
synchronization requirements can be fulfilled by using at the
base stations OCXOs locked either to a precise GPS reference
or to an accurate clock signal provided through the backhaul
network.

Appendices

A. Analysis of 𝐾U, 𝐾IUI and 𝐾ICI

The constants 𝐾U, 𝐾IUI, and 𝐾ICI are introduced in the main
text in (26), (31), and (38), respectively. For identical channel
statistics for all users and 𝐾 ≜ ∑

𝑁
𝑏

𝑏=1
E{|𝐻

𝑗𝑏
𝑤
𝑏𝑢
|
2

}, we have



International Journal of Antennas and Propagation 11

𝐾U = 1 − 𝐾, 𝐾IUI = (𝑁
𝑢
− 1) ⋅ 𝐾, and 𝐾ICI = 𝑁

𝑢
⋅ 𝐾.

The following derivation gives an approximation for 𝐾 in
Rayleigh fading. The correlation between 𝐻

𝑗𝑏
and 𝑤

𝑏𝑢
can

be considered as weak, because taking into account how the
pseudoinverse is calculated, there is only minor contribution
of element𝐻

𝑗𝑏
to 𝑤

𝑏𝑢
. Thus,

𝐾 =
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∑
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𝑤𝑏𝑢



2

} ,

(A.1)

where E{⋅ | 𝐴} denotes the conditional expectation given
event𝐴. Using the analytical expressions provided by [39] for
the sum term in the right-hand side of (A.1) for ZF precoding
with𝑁

𝑏
> 𝑁

𝑢
, we reach

𝐾 ≈
1

𝑁
𝑏
− 𝑁

𝑢

, 𝐾min ≈
1

𝑁
𝑏

. (A.2)

The first expression for 𝐾 in (A.2) refers to i.i.d. complex
Gaussian random entries with zeromean and variance𝜎2

ℎ
and

can be used to obtain expressions for𝐾U,𝐾IUI, and𝐾ICI, while
𝐾min is used for their bounds.Those can then be used in (26),
(31), and (38) in the main text.

B. Analysis of 𝐵
1

and 𝐵
2
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2

(𝑘, ])}, which is given
in (35) in the main text, while 𝛽

𝑗𝑏
(𝑘, ]) is given in (9). The

base stations’ and 𝑗th mobile user’s CFOs are considered as
i.i.d. Gaussian-distributed with zero mean and variance 𝜎2

𝑓

and 𝜎2
𝑓,𝑗
, respectively.

For the first case 𝑏
1
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2
= 𝑏, we proceed as follows:
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From (B.1) to (B.2) we used the result (C.1) of Appendix C,
which shows that the power of 𝑁

𝑠
samples of a function

𝛼(𝑘) = (1/𝑁
𝑠
)(sin(𝑁

𝑠
Φ(𝑘))/ sin(Φ(𝑘))) with Φ(𝑘) = 𝜋𝑘/𝑁

𝑠
,

taken at frequencies 𝑘 + 𝜙, is equal to 1 for any offset 𝜙 ∈ R.
Imposing (9) into (B.2) gives (B.3). For typical values, the
Taylor series expansion (1/𝑁

2

𝑠
)(sin2(𝑁

𝑠
𝑥)/sin2(𝑥)) ≈ 1 −

(1/3)𝑁
2

𝑠
𝑥
2 (𝑁2

𝑠
−1 ≈ 𝑁

2

𝑠
for𝑁

𝑠
≫ 1) is accurate andwas used

in (B.3) to reach (B.4). Note that 𝛿 = (𝑁
𝑠
𝑇)

−1 is the subcarrier
spacing. Taking the expectation of (B.4), and considering the
independence between 𝑓

𝑗
and 𝑓

𝑏
, we reach

𝑁
𝑠
/2−1

∑

]=−𝑁
𝑠
/2

] ̸=𝑘

E {

𝛽
𝑗𝑏
(𝑘, ])



2

} ≈

𝜋
2

(𝜎
2

𝑓
+ 𝜎

2

𝑓,𝑗
)

3𝛿2
≜ 𝐵

1
. (B.5)

For the second case 𝑏
1

̸= 𝑏
2
, we have

𝑁
𝑠
/2−1

∑

]=−𝑁
𝑠
/2

] ̸=𝑘
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𝑗𝑏
1

(𝑘, ]) 𝛽∗
𝑗𝑏
2

(𝑘, ])}

=
1

𝑁2

𝑠

⋅

F

𝑝
(𝑡
𝑛
)


2

⋅

𝑁
𝑠
/2−1

∑

]=−𝑁
𝑠
/2

] ̸=𝑘



E{
sin [𝜋 (𝑘 − ]) + 𝜋(𝑓

𝑗
− 𝑓

𝑏
)𝑇𝑁

𝑠
]

sin [(𝜋/𝑁
𝑠
) (𝑘 − ]) + 𝜋 (𝑓

𝑗
− 𝑓

𝑏
) 𝑇]

}



2

.

(B.6)

Expression (B.6) was numerically evaluated and it was found
that for 𝑓

𝑗
= 𝑓

𝑐
(perfectly synchronized mobiles) it is

significantly smaller than (B.5). For 𝜎
𝑓,𝑗

≥ 𝜎
𝑓
, (B.6) is given

by

𝑁
𝑠
/2−1

∑

]=−𝑁
𝑠
/2

] ̸=𝑘

E {𝛽
𝑗𝑏
1

(𝑘, ]) 𝛽∗
𝑗𝑏
2

(𝑘, ])} ≈
𝜋
2

𝜎
2

𝑓,𝑗

3𝛿2
≜ 𝐵

2
. (B.7)

Expressions (B.5) and (B.7) provide accurate approximations
for 𝐵

1
and 𝐵

2
for Gaussian-distributed CFOs. Those results

allow for taking the step from (36) to (37) in the main text.

C. Power of a Periodic Band-Limited Function
Sampled with an Offset

Consider the function 𝛼(𝑥) = (1/𝑁
𝑠
) ∑

𝑁
𝑠
/2−1

𝑛=−𝑁
𝑠
/2
𝑒
𝚥2Φ(𝑥)𝑛 where

Φ(𝑥) = 𝜋𝑥/𝑁
𝑠
. It can be seen that 𝛼(𝑥) is a periodic band-

limited function with period 𝑇 = 𝑁
𝑠
and Nyquist frequency

1/Δ = 1, and that 𝛼(𝑥) = sin(𝑁
𝑠
Φ(𝑥))/𝑁

𝑠
sin(Φ(𝑥)). We

want to show that

𝑁
𝑠
−1

∑

𝑘=0

𝛼 (𝑘 + 𝜙)


2

=

𝑁
𝑠
−1

∑

𝑘=0

|𝛼 (𝑘)|
2

= 1 (C.1)

for offset 𝜙 ∈ R. To prove this, we present the following
lemma.

Lemma C.1. Let 𝛼(𝑥) = ∑
𝑁−1

𝑟=0
𝐴
𝑟
exp(𝚥2𝜋(𝑟/𝑇)𝑥) be an

arbitrary periodic band-limited function of period 𝑇 with
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Fourier coefficients𝐴
𝑟
. Let one define 𝛾(𝜙)(𝑥) by sampling 𝛼(𝑥)

with frequency 1/Δ and offset 𝜙:

𝛾
(𝜙)

(𝑥) = 𝛼 (𝑥 + 𝜙)(

∞

∑

𝑘=−∞

𝛿 (𝑥 − 𝑘Δ)) (C.2)

=

∞

∑

𝑘=−∞

𝛼
(𝜙)

𝑘
𝛿 (𝑥 − 𝑘Δ) , (C.3)

where 𝛼(𝜙)
𝑘

= 𝛼(𝑘Δ+𝜙) and 𝛿(⋅) is the delta distribution.Then,
if 1/Δ = 𝑁/𝑇 (which is the Nyquist frequency for 𝛼(𝑥)), the
energy contained in one period of 𝛾(𝜙) is given by

𝑁−1

∑

𝑘=0


𝛼
(𝜙)

𝑘



2

=
1

Δ
∫

𝑇

0

|𝛼 (𝑥)|
2

𝑑𝑥 (C.4)

and therefore is independent of 𝜙.

Proof. 𝛾(𝜙) is a periodic function for which we calculate
Fourier coefficients Γ(𝜙)

𝑟
in two ways.

First, if F{𝑓(𝑥)}(𝑟) = 1/𝑇 ∫
𝑇

0

𝑓(𝑥) exp{−𝚥2𝜋𝑟𝑥/𝑇}𝑑𝑥
denotes the Fourier transform for a periodic function 𝑓(𝑥),
using (C.3), one obtains

Γ
(𝜙)

𝑟
= [F {𝛼 (𝑥 + 𝜙)} (𝑠) ∗F{

∞

∑

𝑘=−∞

𝛿 (𝑥 − 𝑘Δ)} (𝑠)] (𝑟)

(C.5)

= [exp {𝚥2𝜋 𝑠
𝑇
𝜙}𝐴

𝑠
] ∗ [

1

Δ

∞

∑

𝑢=−∞

𝛿
𝑢𝑁

𝑠
] (𝑟) (C.6)

=
exp {𝚥2𝜋 (𝑟/𝑇) 𝜙}

Δ
𝐴
𝑟
, (C.7)

where 𝑟 ∈ Z, [𝑎
𝑠
∗ 𝑏

𝑠
](𝑟) = ∑

∞

𝑠=−∞
𝑎
𝑠
𝑏
𝑟−𝑠

denotes the discrete
linear convolution, 𝛿𝑥

𝑠
is a sequence of numbers that has its

𝑠th entry equal to 1 if 𝑠 = 𝑥 and zero otherwise, and ̌𝑟 is the
smallest positive integer that satisfies ̌𝑟 ≡ 𝑟 mod 𝑁. If 𝑟 ∈

{0, . . . , 𝑁 − 1}, then ̌𝑟 = 𝑟.
Next, using (C.3) and the fact that 𝑇 = 𝑁Δ, the Fourier

coefficient Γ(𝜙)
𝑘

can also be found as

Γ
(𝜙)

𝑟
=
1

𝑇
∫

𝑇−Δ/2

−Δ/2

𝛾
(𝜙)

(𝑥) 𝑒
−𝚥2𝜋(𝑟/𝑇)𝑥

𝑑𝑥 (C.8)

=
1

𝑇

∞
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−Δ/2

𝛼
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𝑑𝑥 (C.9)

=
1

𝑇

𝑁−1

∑

𝑘=0

𝛼
(𝜙)

𝑘
𝑒
−𝚥2𝜋(𝑟𝑘/𝑁)

, (C.10)

where (C.8) holds because the integral of a periodic function
over its full period is translation invariant. Equation (C.10)
implies that Γ(𝜙)

𝑟
is the discrete Fourier transform (DFT) of

𝛼
(𝜙)

𝑘
/𝑇, and therefore the DFT Parseval identity says that

𝑁−1

∑

𝑘=0



𝛼
(𝜙)

𝑘

𝑇



2

=
1

𝑁

𝑁−1

∑
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Γ
(𝜙)

𝑟



2

. (C.11)

Finally, using (C.7) with ̌𝑟 = 𝑟 and (C.11), it can be proven that

𝑁−1

∑
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𝛼
(𝜙)

𝑘



2

=
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2
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=
𝑁
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∫
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0
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2

𝑑𝑥,

(C.12)

which is what we wanted to prove in (C.1). Above, we used
the Parseval identity for Fourier series.
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