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Abstract—Analog over-the-air computation (OAC) is an ef-
ficient solution to a class of uplink data aggregation tasks
over a multiple-access channel (MAC), wherein the receiver,
dubbed the fusion center, aims to reconstruct a function of
the data distributed at edge devices rather than the individ-
ual data themselves. Existing OAC relies exclusively on the
maximum likelihood (ML) estimation at the fusion center to
recover the arithmetic sum of the transmitted signals from
different devices. ML estimation, however, is much susceptible
to noise. In particular, in the misaligned OAC where there are
channel misalignments among transmitted signals, ML estimation
suffers from severe error propagation and noise enhancement.
To address these challenges, this paper puts forth a Bayesian
approach for OAC by letting each edge device transmit two pieces
of prior information to the fusion center. Three OAC systems
are studied: the aligned OAC with perfectly-aligned signals; the
synchronous OAC with misaligned channel gains among the
received signals; and the asynchronous OAC with both channel-
gain and time misalignments. Using the prior information, we
devise linear minimum mean squared error (LMMSE) estimators
and a sum-product maximum a posteriori (SP-MAP) estimator
for the three OAC systems. Numerical results verify that, 1)
For the aligned and synchronous OAC, our LMMSE estimator
significantly outperforms the ML estimator. In the low signal-
to-noise ratio (SNR) regime, the LMMSE estimator reduces the
mean squared error (MSE) by at least 6 dB; in the high SNR
regime, the LMMSE estimator lowers the error floor on the MSE
by 86.4%; 2) For the asynchronous OAC, our LMMSE and SP-
MAP estimators are on an equal footing in terms of the MSE
performance, and are significantly better than the ML estimator.
On the other hand, in terms of computational complexity, the
SP-MAP estimator is much more efficient than the LMMSE
estimator.

Index Terms—Over-the-air computation, analog communica-
tion, Bayesian estimation, linear minimum mean square error,
sum product algorithm.

I. INTRODUCTION

In multiple-access channels (MACs), the fusion center (i.e.,
the common receiver of the MAC) is often interested in some
function of the data distributed across the edge devices, rather
than their individual values [1]-[16]. In distributed sensing
networks, for example, the fusion center is only interested in
a function of the sensor readings, such as mean humidity or
maximum temperature [4], [7]; in federated learning systems,
the fusion center is only interested in the weighted average of
the local updates transmitted from the edge devices but not
their individual updates [1], [17].

Distributed data aggregation in MAC for function com-
putation can be realized in a digital fashion via traditional
multiple-access technologies [18], [19] (e.g., TDMA, CDMA,
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OFDMA). Specifically, the values to be transmitted from the
edge devices are first digitized and then transmitted over or-
thogonal links to the fusion center. The desired function values
can be computed after decoding all individual values from
the edge devices. However, such a separate communication-
and-computation approach is suboptimal in that the individual
messages are not the desired targets at the fusion center —
transmitting them causes excessive bandwidth and latency
overhead.

Analog over-the-air computation (OAC) is an alternative
technique to realize efficient distributed data aggregation in
MAC:s [1], [4], [6]-[16], [20], [21]. Compared with the digital
approach, OAC is a joint computation-and-communication
scheme exploiting the fact that the MAC inherently generates
superposition of signals. The underpinnings of OAC are pre-
processing, channel precoding, and post-processing [3], [6].
As shown in Fig. 1, each device first pre-processes the
transmitted symbols by a pre-processing function, and then
precodes the pre-processed symbols by the inversion of the
uplink channel. The precoded symbols are transmitted to the
fusion center in an analog fashion (amplitude modulation).
In particular, different devices transmit simultaneously over
the same communication link and their signals overlap at the
receiver. The fusion center then post-processes the overlapped
signal to reconstruct the desired function values.

The pre-processing and post-processing functions are cho-
sen so that the desired function values are directly produced
after post-processing. For example, to compute the geometric
mean at the fusion center, we can choose the pre-processing
function to be a logarithm function and the post-processing
function to be an exponential function [3]. In general, the
functions that are computable via OAC are functions that
can be broken into a post-processed summation of multiple
pre-processed functions. This class of functions is named
nomographic functions [6]. On the other hand, the purpose
of channel precoding is to compensate for the channel im-
pairments so that the fading MAC degenerates to a Gaussian
MAC. As a result, when the transmitted signals arrive at the
fusion center simultaneously, the signals overlapped over-the-
air naturally produce the arithmetic sum of the pre-processed
signals.

In practice, however, accurate channel-gain precoding and
prefect synchronization among devices are very challenging
to achieve [1], [2], [9], especially with low-cost Internet-of-
Things (IoT) devices. With either channel-gain mismatches
or time asynchronies, the signals from different devices are
misaligned at the fusion center, which we refer to as the
misaligned OAC [9].

Prior works on the aligned OAC [1], [2], [4], [6], [8], [10],
[11], [13], [14], [22], [23] or the misaligned OAC [9] rely
exclusively on the maximum likelihood (ML) estimator to



recover the arithmetic sum of the transmitted signals from

different devices. ML estimation, however, is much susceptible

to noise. Our prior work [9] showed that, in the misaligned

OAC, the arithmetic-sum estimation boils down to multi-user

estimation and the estimation space is infinitely large consider-

ing the continuous nature of OAC. As a result, ML estimation
suffers from severe error propagation and noise enhancement
with even mild channel-gain or time misalignment.

This paper puts forth a Bayesian approach for OAC to
address the problems faced by ML estimation. Specifically,
we let each edge device transmit two pieces of statistical
information (i.e., the first and second sample moments) of the
transmitted data and leverage these statistical characteristics
as prior information to construct Bayesian estimators at the
receiver to estimate the arithmetic-sum of the transmitted
signals. Three OAC systems are considered: 1) The aligned
OAC, where the transmitted signals are perfectly aligned at the
fusion center with neither channel-gain nor time misalignment;
2) The synchronous OAC, where there is only channel-gain
misalignment but no time misalignment. The aligned OAC is
a special case of the synchronous OAC when the channel-gain
precoding is perfect and there are no channel-gain mismatches
in the overlapped signal; 3) The asynchronous OAC, where
there are both channel-gain and time misalignments. The
synchronous OAC is a special case of the asynchronous OAC
when the calibrations of transmission timings at the edge
devices are accurate and there are no asynchronies among the
overlapped signals.

The main contributions of this paper are as follows:

1) For the aligned OAC and the synchronous OAC, we devise
a linear minimum mean square error (LMMSE) estimator
using the two pieces of prior information transmitted from
the edge devices. The MSE performances of both ML and
LMMSE estimators are derived. Numerical and simulation
results verify that i) for the aligned OAC, the use of prior
information brings at least 6 dB gains over the ML estima-
tor in the low EsNO (i.e., the received energy per symbol
to noise power spectral density ratio) regime; ii) for the
synchronous OAC, the MSE performance of OAC exhibits
an error floor due to the misaligned channel coefficients.
Compared with the ML estimator, our LMMSE estimator
lowers the error floor by a large margin. When there is
mild phase misalignment, for example, the error floor is
lowered by 86.4% in the high-EsNO regime.

2) For the asynchronous OAC, we make use of a whitened
matched-filtering and sampling scheme to produce over-
sampled, but independent samples, whereby an ML esti-
mator, an LMMSE estimator, and a sum-product maximum
a posteriori (SP-MAP) estimator are devised, respectively.
In particular, our SP-MAP estimator exploits both the prior
information transmitted from the edge devices and the spar-
sity of the sample structure, and is verified to be the most
effective estimator in the asynchronous OAC scenario in
terms of both the MSE performance and the computational
complexity. Compared with the ML estimator, the SP-MAP
estimator addresses the problems of error propagation and
noise enhancement and attains significantly lower MSE
under various degrees of time and phase misalignments.
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Figure 1. Distributed data aggregation in the MAC via OAC.

While the MSE performance of the SP-MAP estimator is
on the equal footing with the LMMSE estimator, it reduces
the computational complexity from Q(L?log L) to (L)
for a packet of length L.
Notations — We use boldface lowercase letters to denote
column vectors (e.g., 8, s) and boldface uppercase letters to
denote matrices (e.g., V, D). For a vector or matrix, ()T
denotes the transpose, (-)* denotes the complex conjugate,
() denotes the conjugate transpose, and (-)T denotes the
Moore-Penrose pseudoinverse. R and C stand for the sets of
real and complex values, respectively. (-)* and (+)! stand for
the real and imaginary components of a complex symbol or
vector, respectively. The imaginary unit is represented by j. C
and CN stand for the real and complex Gaussian distributions,
respectively. The cardinality of a set ) is denoted by |V|. The
sign function is denoted by sgn(-). The indicator function is
denoted by 1.

II. SYSTEM MODEL

We consider a MAC where M edge devices communicate
with a fusion center, as shown in Fig. 1. The message of the
m-th device is a vector of L complex values 6,,, € CX. The
desired message of the fusion center, denoted by 87 € CF,
is a function of {0,, : m = 1,2, ..., M} and each element of
0 is Ox[¢] = F(61[€],02[¢),...,0nr[€]). In particular, F can
be written in a nomographic form as

F(0:1[4], 024, ..., On[€]) = (Z @m(em[f])> ; (1

where {¢,,, m = 1,2, ..., M} are the pre-processing functions
and 1 is a post-processing function. In other words, the
nomographic form is a post-processed summation of multiple
pre-processed functions. It has been shown in [24] that in
general any function can be written into a nomographic form.

A. Distributed data aggregation via OAC

With OAC, distributed data aggregation over a MAC works
in the following manner. First, each of the M devices pre-
processes its message 6,, by a preprocessing function ¢,,
and obtains

Sm = ©m(0m).

The pre-processed message S, is then precoded by a channel-
precoding factor «,,, (in the ideal case, «,, corresponds to
channel inversion).
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Figure 2. The transmitted signals from different devices overlap at the fusion
center with channel-gain and time misalignments.

After pulse shaping, the time-domain signal to be transmit-
ted by the m-th device is given by!

= Qum § Sm

where p(t) = 1/2[sgn(t + T) — sgn(t)] is a rectangular pulse
of duration 7'. Each edge device then carefully calibrates its
transmission timing based on its distance from the fusion
center and its moving speed, so that the signals from different
devices arrive at the fusion center simultaneously.

In practice, however, both the channel-gain pre-compensa-
tion and the transmission-timing calibration can be imperfect
due to the non-ideal hardware and inaccurate channel-ga-
in/delay estimation. After passing through the fading MAC, the
signals x,,(t), Vm, overlap at the fusion center with relative
time offsets. The received signal r(t) can be written as

M
= Z Bmxm(
m=1

where fzm is the time-domain complex channel gain. We
consider flat and slow fading channels, and hence, ilm remains
constant over one transmission. z(t) is the zero-mean baseband
complex additive white Gaussian noise (AWGN), the double-
sided power spectral densities of which is Ny. Without loss
of generality, we sort the M devices so that the devices with
smaller indexes arrive at the receiver earlier. The delay of the
first device is set to 73 = 0, and the relative delay of the -
th device with respect to the first device is denoted by 7,,.
We assume the time offsets 7,,,, Ym, are less than the symbol
duration 7', as shown in Fig. 2. In the ideal case where the
transmission-timing calibrations are prefect, the relative delays
among signals are 7, = 0, Vm.
Substituting (2) into (3) gives us

M
Zﬁ stm p(t — Ty — £T) + 2(t)

p(t — 0T, )

t— Tm) + Z(t); (3)

r(t) =

3
\ |

M
> hnsmllp(t — 1 — (T) + 2(t), (@)

1 m=1

I
M) =

~
Il

where h,, = hmam is the residual channel gain. To sum-
marize, there can be two kinds of misalignments among
the signals transmitted from different devices: channel-gain
misalignment {h,, : m = 1,2,..., M} caused by inaccu-
rate channel-gain compensation at the transmitter, and time

'In this paper, we formulate the channel-misaligned OAC considering the
time-domain realization of OAC. OAC can also be realized in the frequency
domain via OFDM. Interested readers may refer to Section VI of our
companion paper [9] for a more detailed discussion.

misalignment {7, : m = 1,2,..., M} caused by imperfect
calibration of the transmission timing.
As per (1), the objective of the fusion center is to estimate

M
0]-' = w (Z Spm(em)> é ¢(3+)a

m=1
where each element of sequence s is defined as

) = Z Pm (Om[l]) = Z sml].

For general pre-processing and post-processing functions,
we shall focus exclusively on the estimation of s from the
received signal r(t). In particular, our goal is to minimize
the mean squared error (MSE) between the true s and the
estimated 54 :

MSE(s,84) = 7 30[5: 10—~ D sl
=1 m=1

Remark. It is worth noting that, for a specific pair of pre-
processing and post-processing functions ., and 1, mini-
mizing the MSE between s and 84 does not necessarily
minimize the MSE between 0 x and the estimated é]:.'

M
- (Z ‘Pm(em W))
m=1

If the fusion center aims to compute the arithmetic mean of
{0m :m =1,2,.., M}, for example, we choose p.,(x) =z,
Y(x) = /M, and

L 2

Z

MSE(07,07) =

1 s
jMSE(S_F, 8+).

MSE(6F,0F) = i

Therefore, minimizing MSE(0 z, 0 7) is equivalent to minimiz-
ing MSE(s4, 84) in this case.

On the other hand, if the fusion center aims to compute
the geometric mean of {0, : m = 1,2,.., M}, we choose

om(z) =Inz, Y(x) = exp(xz/M), and
MSE(05,05)= ! Z

o) oo (52

In this case, MSE(05,0%) ~ 2 MSE(sy,84) only when
both 5.[6] = 0 and & SM_ s,,[0] — 0.

In this paper, we consider general pre-processing and post-
processing functions and focus on the MSE between 5 and
§4) (i.e., the part inside the dashed box in Fig. 1).

L

B. The Aligned OAC

Most prior works on OAC considered only the perfectly
aligned case, where there is neither channel-gain misalignment
nor time misalignment, which we refer to as the aligned OAC.
The received signal in the aligned OAC is given by

=33 sl

=1 m=1

p(t — €T) + 2(t). (5)



Matched filtering r(¢) by the same rectangular pulse p(¢) and
sampling at t =47, 7 =1,2,..., L, gives us

T M
r[i]:;/(i_l)Tr(t)dtzmz_lsm[i]-i-z[i} = s, [i]+2[i], (6)

where the noise sequence z[i] in the samples is independent
and identically distributed (i.i.d.), z[i] ~ CA(0,52). As can
be seen, the target signal s [¢] appears explicitly on the RHS
of (6). A simple estimator can then be used to estimate the
sequence S .

Definition 1 (ML estimation for the aligned OAC). Given a
sequence of samples v € C* in (6), an ML estimator estimates
the target sequence s, € C* symbol-by-symbol by

8¢li) = rli]. ()

Eq. (7) is an ML estimator because the sample r[i] in (6)
is conditional Gaussian — given s [i], the likelihood function

Ol L) ~ e (5252 )

Therefore, the ML estimate of s [i] for a given observation
r[i] is
$4[i] = argmax Pr (r[i] | s4+[¢]) = r[d].
s41i]

Accurate precoding and transmission-timing calibration at
the transmitters admit a very simple sample structure at the
receiver since the target signal s, is explicitly presented in
the samples. In this case, the fading MAC degenerates to a
Gaussian MAC and the M devices can be abstracted as a
single device transmitting the summation of s,, directly to
the fusion center. In practice, however, both the channel-gain
compensation and the calibration of transmission timing can
be inaccurate. With either channel-gain or time misalignment,
clean samples as in (6) with sy explicitly presented are
no longer available. The design of optimal estimators thus
becomes more challenging.

In the context of federated edge learning, our prior work [9]
studied the estimation problem for the misaligned OAC and
devised estimators that are ML optimal. In this paper, we fur-
ther extend our study in [9] considering a Bayesian approach.
Unlike ML estimation where the transmitted symbols s,,, are
treated as constants, this paper treats s,, as random variables
(with unknown priors) and exploits the statistical characteristic
of s,, as a kind of prior information to perform Bayesian
estimation at the receiver. In so doing, significant gains can
be achieved for both aligned and misaligned OAC.

III. SYNCHRONOUS OAC

This section focuses on the synchronous OAC where there
is channel-gain misalignment but no time misalignment in
the received signal. That is, we assume the calibrations of
transmission timing at the edge devices are satisfactory and
the relative time offsets of different signals at the fusion center
are negligible.

After matched filtering and sampling, the samples we ob-
tained can be written as

M
rli] = hmsmli] + [, (8)
m=1
where h,, is the residual channel gain due to inaccurate
channel-gain precoding. From each sample r[i], our goal is
to estimate s [i] = Z%Zl Smli].

Eq. (8) is an underdetermined equation since we have
one equation for M unknowns. To estimate s [i], the only
viable estimator in the literature is the ML estimator given in
Definition 1 — the raw sample r[i] is the best prediction about
s4[¢] [9]. In this section, however, we show that the MSE of
the estimated 5 can be significantly reduced by our Bayesian
approach, for which each device only needs to transmit two
pieces of prior information to the receiver.

A. The ML Estimator
To start with, let us analyze the ML estimate of s, from

(8) and derive its MSE performance.

Proposition 1 (MSE of the ML estimator in synchronous
OAC). Given the samples in (8), the MSE performance of
the ML estimator is

MSEy; = (h— 1) V(R —1) + % ©)
where h = [hy, ha, - - ,hM]T, 1 is an M x 1 all-ones vector,
Vi EE, - EiEy

Ve EXE, Vs EXE ’ (10)
ErE, EiE, Vr
and
R P
Em:f;sm[z], Vi 2 Zglsmw ,oay

are, respectively, the first and second sample moments of the
symbols transmitted by the m-th device in one transmission.

Proof. As per Definition 1, we have §4[i] = r[i] with the ML
estimator. The MSE of § is then

MSEmL = |84 [1) — s [i])?

|
M-

@
Il
-

1 L M
= 22| D (i = Dsmli] + 2]
1=1 |m=1
() 1 L | M . ’ 1 L 2
LI (= Dsmlil| + 7 DI
i=1 |m=1 i=1
L M 2
- %Z > (h = 1)spli] +¥7
i=1 [m=1

where (a) follows because s,,[i] is independent of the noise
term z[i]; the last equality follows since the noise terms are
i.i.d. for different .



Defining h = [hy, ha,...,har] " and s[i] = [s1]i], s2[i], ...,
sumli]] T, MSEpy can be written in a more compact form as

1 L T 12 N()
MSEmL = ZZ|(h—1) s[i]| +?
i=1

(h—1)" > srlilsTHlh — 1) + i

N
= (h=1)"V(h—1)+ ?0
If we define the first and second sample moments of the

symbols transmitted by the m-th device as in (11), V can
be written in the form of (10). |

Corollary 2 (MSE of the ML estimator in the aligned OAC).

Consider the aligned OAC where there is neither channel-gain

nor time misalignment. Given the samples in (6), the MSE of

the ML estimator can be obtained from (9) by setting h = 1:
No

To summarize, the MSE of the ML estimator is simply the
noise variance in the aligned OAC. When there is channel-
gain misalignment (i.e., the synchronous OAC), the additional
MSE introduced by the channel-gain misalignment is (h —
DHEV(h —1).

12)

B. The LMMSE Estimator

According to (9), the MSE performance of the ML estimator
can be poor when either |h — 1| or the noise variance is
large. To improve the estimation performance, this subsection
devises an LMMSE estimator. We show that, by letting each
device transmit two pieces of prior information, MSE can be
significantly reduced with the LMMSE estimator.

Definition 2 (LMMSE estimation). Given the samples in (8),
an LMMSE estimator estimates the sequence s € CL symbol-
by-symbol by

8.[i] = Mrfi] + ¢, (13)

where the constants A\,c € C are chosen so that the MSE
1 L A s 12 . L.
T D i 1841 = s [i]|” is minimized.

In each transmission, each device transmits the first sample
moment Em and the second sample moment Vm to the fusion
center reliably (in a digital manner, with channel coding
and automatic repeat request, for example) before the data
transmission. The fusion center then constructs a vector [ and
a matrix D from the first and second sample moments by

o= (B ,n::M}T, (14)

D = diag (Dl,DQ,.-- ,DM), (15)

where I, is defined to be the sample variance of the symbols
transmitted by the m-th device in one transmission, i.e.,

L
R 1 ] N N R
D,, & T § 15m[i] = Bon)? = Vi — |Epn |2
=1

(16)

Given 1 and D, we now devise the LMMSE estimator.

Lemma 3 (positive definiteness of D and V). Matrix D is
positive definite; matrix V' is Hermitian positive definite.

Proof. For the diagonal matrix D, element D,, is the sam-
ple variance of the symbols transmitted by device m. This
suggests that D,, > 0, Vm. As a result, D is positive definite.

For the complex matrix V, it can be seen from the definition
that it is Hermitian, i.e., V7 = V. For any complex vector
x = [T1,79,...,27) € CM, 2 # 0, we have

2fve =
1 |s1[d]|? silis2[i] - s7ldsnd] =]
[.f{,l‘;,,x?\/[]zz S*;[Z:EIW *\sz.:[_i]lz- SS[Z’]_?WE] 90*;
i=1 Lsyli]s1(d] sisld]s2fi] - [sald]] Tm

2

> 0.

1 L M
= z Z Z TmSm [Z]
i=1 |[m=1

Thus, V' is Hermitian positive definite. |

Theorem 4 (LMMSE estimation for the synchronous OAC).
Given a sequence of received samples v € CF in (8), an
LMMSE estimator estimates the sequence s, € CY symbol-
by-symbol by

H H T
= g+ (1t Phcn)
The MSE of the LMMSE estimator is

MSEpyyse = 1" D1 — M (18)
hH Dh + 2o’
and we have MSEyyse < MSEy;.
Proof. See Appendix A in the supplemental materials. ]

Corollary 5 (LMMSE estimator for the aligned OAC). Con-
sider the aligned OAC where there is neither channel-gain
nor time misalignment. Given the samples in (6), an LMMSE
estimator estimates the sequence s, € Cl symbol-by-symbol
by

].TD]_ No
8.0 = r[i] + - 1'% 19
+H 1TD1+% H lTDlJr% [ (19)
The MSE of the LMMSE estimator is
M1TD1
MSE, = =\ 20
LMMSE = T B i (20)

We have MSEyyse < MSEy, where MSEyy; is given in (12).

Proof. Eq. (19) and (20) follow directly from (17) and (18) by
setting h = 1. Further, we have

MSEwm 1"D1+ 22 )

MSEpwse | 17D1

and hence MSE; yvmse < MSEpmL. |
To summarize, the ML estimator suffers from both channel-
gain misalignment h and noise, whereas the LMMSE es-
timator can alleviate the estimation errors caused by both
the channel-gain misalignment and noise, thanks to the prior

21
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Figure 3. Matched filtering the received signal by a bank of M filters of
lengths dj, = Tp41 — Tk.
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information transmitted from the edge devices. The MSE gains
are not analytically straightforward from (9) and (18) for
the general channel-gain misalignment h. Therefore, let us
consider the aligned OAC wherein h = 1. It can be seen
from (21) that the MSE gains of the LMMSE estimator over
the ML estimator are 3 dB when 17 D1 = % Further, when
1"D1 < %, the gains can be significant.

IV. ASYNCHRONOUS OAC

This section considers the asynchronous OAC, where there
are both channel-gain and time misalignments in the received
signal. Let us first reproduce the received signal r(t) in (4)
below.

L M
Z > hmsmllp(t = 7 — (T) + 2(t),  (22)
=1

m=1
where s, [6] is the ¢-th complex number transmitted from the
m-th device; h,, = |h,,|e?®™ is the residual channel gain; 7,
is the time offset of the m-th device relative to the first device.

A. Whitened Matched Filtering and Sampling

As shown in Fig. 2, the symbols from different devices in
the asynchronous OAC are misaligned in time. To obtain a
whitened discrete model from the received signal, we employ
a bank of M matched filters of different lengths to collect
power judiciously from r(t).

The matched filtering and sampling processes are illustrated

in Fig. 3. Specifically, the M matched filters {p (t) : k =
2,..., M} are defined as
1
pl(t) = 3 [sgn(t +T)—sgn(t+T — dk.)}, (23)

where the length of the k-th matched filter is dy, = 7541 — 7%,
k=1,2,..., M. For completeness, we define 73741 = 7.
The signal filtered by the k-th matched filter is given by

1 o0 ,
d—k / FOPh(t — ¢ d¢

=1m=1

yk(t) =

p(¢— TmﬁT)+Z(C)>P2(tC)dC,

and we sample yy(t) at (i — )T+ 7541 :0=1,2,..., L, L+1.

The samples we get are
1 /(i—l)T+Tk+1
i Jiim1yrin,

Yeli] = ye(t = (i = )T + 741) =

M 1 (t—1)T+7Tk+41
> onsli = Vil dc+ o [ 2¢)d
kJ(

o i—1)T 474
M
= Y hnsmli — Lk + 2l (24)
m=1
where we have defined s,,[0] = s,,[L + 1] = 0, Vm, for

completeness.
Eq. (24) is very informative. Let us take a closer look:

1) Each sample in (24) is related to M complex symbols,
each of which comes from a different device.

2) It can be verified that E [z [1]zx [i']] = %5((1’—2”)%—
K )) This means that the noise sequence zj is white:
zk[i] ~ CN (0, NgT'/dy) and is independent for different
k and q.

3) The symbols are aligned in time within the integral inter-
val of the M-th matched filter. Specifically, let &k = M
we have

M

ymli] = Z PomSm[i] + 2a1i],

m=1

(25)

where zps[i] ~ CN(0, NoT'/dps). Unlike the outputs of
other matched filters, the sampling outputs of the A -th
matched filter form a synchronous OAC with the noise
variance being amplified by 7'/d;, times.

The third observation suggests that the ML and LMMSE
estimators designed for the synchronous OAC can also be used
in the asynchronous case, utilizing the outputs of the M-th
matched filter only (for the purpose of differentiation, we add
a prefix “p-” before the ML and LMMSE estimators since
only partial samples are used here).

Corollary 6 (MSEs of the p-ML and p-LMMSE estimators in
asynchronous OAC). In asynchronous OAC, given the output
of the M-th matched filter in (25), the MSEs of the ML and
LMMSE estimators are

NoT
1)+ =&

MSE,p, = (h—1)"V(h — (26)
dr
. D1
MSE, 1yyse = 1 D1 — R Dh + N 27
M

Proof. Corollary 6 follows from Proposition 1 and Theorem 4
by substituting dps /T for T since only the sampling outputs
of the M-th matched filter are used. |

From (26) and (27), it is clear that the MSEs of the p-ML
and p-LMMSE estimators hinge on the maximum time offset
Tp as it determines the duration of the M-th matched filter
dpyr = T — 7. Take the p-LMMSE estimator for example. In
the synchronous OAC, we have 73y = 0, and hence, dp; =T
In the asynchronous OAC, on the other hand, MSE,. mmsE
increases with 7,;. To the extent that as 7j; — T (hence dj;
— 0), MSE, 1mmse — 1T D1. In the next section, we shall
devise more powerful estimators that make use of the samples
from all matched filters.



B. ML estimation vs LMMSE estimation

To start with, let us rewrite all the samples given by (24)
into a more compact form as

y=Gs+z, (28)
where v, s, and z are defined as
Y 2 [l elt], o yar (1), 92 (2], 2l2], o yar 20,
a[E] ol oy (2] L1, gl 41, oy [L41]]
s [51[1},52[1],...,sM[l],sl[z],SQ[Q],...,sM[z],...,
salL] salL), oslL]]
z2 [zl[l],zz[lL...,zM[l],zl[zm[z},...,zM[zL...,
zl[L},zQ[L],...,ZM[L],zl[LH],zQ[LH],...,ZM_I[LH]]T,

and the M (L + 1) — 1 by ML coefficient matrix G is

rhi -
hy ha
. ho ...
hi ... ... hat
hz . h]\/] h1
G2 | .. hy ha
hy ... ho ...
hy ... ... har
ha ... hy

Eq. (28) is in the form of a classic inter-symbol interference
(ISI) channel model in digital communications with two main
difference:

1) The sequence of transmitted symbols s are continuous
complex values instead of discrete constellations. In digital
communications, the discrete constellation is a kind of prior
information to the receiver whereby the detection space
is naturally narrowed down to the possible constellation
points only. In OAC, however, we do not have such prior
information due to the continuous nature of the transmitted
signal. The estimation space is thus infinitely large.

2) Our aim is not to estimate the transmitted symbols s, but
a linear transformation of s:

sy =Fs, 29)

where L by M L dimensional matrix F' is given by

]_T
T
F = 1
1T

in which 17 is a 1 x M all-ones vector.

To estimate s; in (29), a viable estimator that utilizes all
the samples y is the ML estimator.

Definition 3 (ML estimation for the asynchronous OAC).
Given a sequence of samples y € CM(E+Y) in (28), the ML

estimate of sequence sS4 € Ct is
' =F(GHE'G)'GHx 1y, (30)

where 3, denotes the covariance matrix of the noise sequence
z. In particular, 3, is a diagonal matrix since z is white.

The MSE of the ML estimator can be derived as
MSE = %]E (8751 )" (875 )] :%Tr{F(Gsz—lG)*l
G 'Ezz" |2 GG 'G) " F}
= %Tr{F(Gsz—lG)*HFH}
= %Tr{F(GHEz_lG)_lFT}.

It is revealed in our prior work [9] that ML estimation is
much susceptible to noise due to the infinitely large estimation
space. As a result, error propagation and noise enhancement
are severe with the ML estimator.

Unlike ML estimation, which treats the transmitted se-
quence s as a constant sequence, this paper treats s as a ran-
dom sequence and leverages a Bayesian approach to address
the problems faced by ML estimation. As in the synchronous
case, we will show that the estimation performance can be
significantly improved by making good use of two pieces of
prior information (i.e., the first and second sample moments)
transmitted from each edge device.

Theorem 7 (LMMSE estimation for the asynchronous OAC).
Given a sequence of samples y € CM+Y jn (28), an LMMSE
estimator estimates the sequence s, € C* by

SHMVSE — Ay + (F — AG)f, 31

where A £ EEGH(GEGH + X)L The vector i £ E[s]
and matrix D 2 E[ss™] — E[s]EH[s] can be constructed
from the first and second sample moments transmitted from
the devices, giving

A R A A R T
= |:]E17E27 "'aEl\laElv]E27 "'7]EM7 "'7]E17E25 aEM:| )

T =
\

= diag (Dl, ...,DM,Dl, ...,DM, ...,]ﬁ)l, ...,]ﬁ)]\/]) .
The MSE of the LMMSE estimator is
1 -
MSELMMSE:ETr[(AG—F)D(AG—F)H+A2ZAH} . (32)

Proof. See Appendix B in the supplemental materials. |

The performances of the ML and LMMSE estimators are
compared numerically in Section V. As will be shown, the
LMMSE estimator outperforms the ML estimator significantly
in terms of MSE. Intuitively, the LMMSE estimator leverages
the sample mean and sample variance transmitted from each
edge device as a kind of prior information, thereby reducing
the estimation space by much.

However, a problem with the LMMSE estimator is the high
computational complexity since the dimensionalities of the
matrices in (31) grow linearly with the number of devices M
and the packet length L. As a result, (31) is computationally
expensive for large M and L. Let us assess the computational
complexity of (31) by the matrix inversion (G’f)GH +3.)74
which is the most computationally demanding part of (31).
To invert an n by n matrix, the best proven lower bound of
the computational complexity is 2(n?logn) [25]. Thus, the
complexity of (31) is Q(M2L?log(ML)). In OAC systems,
the packet length L is often much larger than the number of



devices M. Let us fix M as a constant, the computational
complexity of (31) is then Q(L?log L).

In the next subsection, we shall solve this problem by
exploiting the sparsity of the coefficient matrix and developing
a sum-product MAP (SP-MAP) estimator. The MSE perfor-
mance of the SP-MAP estimator is on an equal footing with
the LMMSE estimator, but its computational complexity is
only Q(L).

C. MAP Estimation

To tackle the high-complexity of the LMMSE estimation
and to devise a practical estimator for the misaligned OAC,
this subsection resorts to MAP estimation and puts forth an
SP-MAP estimator for the asynchronous OAC.

Definition 4 (MAP estimation for the asynchronous OAC).
Given the white samples {yi[i]} in (24), an MAP estimator
estimates the element of the target sequence s € CL by
M
§4[i] = arg mzﬁ Pr <s+[z] = Smi] ‘ y) , (33)
S4 |t m—1

where

M
Pr <s+[i]—25m[i] ’ y) :/
m=1 %:1 sm[i]=s4[1]

fs1[i],s2[d], ---,sar[d]|y)d(s1[é],s2[d], ---sar[d])-

As can be seen, to obtain the MAP estimate, a first
step is to derive the joint posterior probability distribution
f(s1[é],s2[d], ...,sa[i]|y). For this purpose, we shall start from
the joint posterior distribution of all transmitted symbols
conditioned on the samples observed at the receiver, i.e.,
f(s1,82,...,snm|y). To ease exposition, we name f(sq[i],
sa[i], ...,sar[?]|y) the marginal posterior distribution and f(s1,
Sa,..., Spr|y) the global posterior distribution.

The global posterior distribution can be factorized in the
following way:

f(sla 82,4y SM|y)

x f(y|s1,82,...,8n)f(S1, 82, ..., Sp)

(@) M L+1 M

X H H f(yk[i]‘81,82,...,SM) H f(Sm)

" yrr v

o [T IT flilvueli)) TT TT f(smliD), (34)
k=1 i=1 m=11i=1

where o stands for “proportional to”. Step (a) follows because
i) given the transmitted sequence si, Sa, ..., Spg, all the
samples y are independent since the noise sequence is white;
ii) the transmitted symbols s,, from different devices are
independent. Step (b) follows since
i) Each sample y[i] is only related to a set of complex sym-
bols V(yxli]) = {s1[il, s2[i], ..., sk[d], skt [i — 1], sko2[i —
1], ..., spr[i—1]}. We call them the neighbor symbols of the
sample yy[¢]. In particular, the number of non-zero symbols
in V(ygli]) is
k, when i = 1;
when 1 < < L
when ¢ = L + 1.

(35)

i) f(8m) is the prior distribution of the transmitted symbols
from the m-th device. To construct this information at the
receiver, we assume the symbols of each edge device are
generated from a Gaussian distribution in an i.i.d. manner.
In particular, the Gaussian distribution is parameterized by
the first and second sample moments transmitted from each
edge device. This is a plausible assumption since there is
no randomness once a packet is generated at the transmitter
and the receiver can assume they are sampled from an
ii.d. Gaussian with mean and variance being its sample
mean and sample variance. We emphasize that the devices
have to generate the first and second sample moments (i.e.,
the prior information to the receiver) for each new packet
and transmit it to the receiver. The receiver then estimates
different packets using different prior information.

The factorizations in (34) can be depicted by a graphical
model [5], [26]-[28], as shown in Fig. 4, where we use a
Forney-style factor graph [27] to represent the factorization.
Specifically, each edge in the graph corresponds to a variable
in (24), e.g., an observation y[i] or a noise term zj[i]. The
variable W ; is a high-dimensional variable consisting of all
complex symbols in V(yi[i]), i.e., Wi = V(yili]) = {s1]7],
$2(i], ..y Sk[d], Skt1[t — 1], Skt2lt — 1], ..., sar[t — 1]}

The equality function/constraint “=" in Fig. 4 means that
the variables connecting to this function are exactly the same
(but may have different posterior distributions). The compati-
bility function §, on the other hand, represents the constraint
that the values of the common symbols contained in the adja-
cent variables must be equal. For example, W7 ; = {si[1]},
W1 = {s1[1], s2[1]}, and the common symbol between W1 ;
and Wh; is s1[1]. Therefore, we have to add a constraint
§(W11,Ws 1) between Wi 1 and Wa; to ensure that the
values of s1[1] in W71 and Wy are the same. In general,
for any two adjacent variables W and W' connecting to the
same delta function §(W, W'), we have

1, if the values of all common symbols

S(W,W') = between W and W' are equal;

0, otherwise.

Succinctly speaking, function ¢ is an on-off function ensuring
that the messages passed from W to W’ and that passed from
W' to W satisfy the constraint that the values of the common
symbols between W and W' are equal.

Finally, the prior information fs, s,,....s,, iS an M-di-
mensional Gaussian, the mean vector and covariance matrix
of which are given in (14) and (15), respectively. To avoid
unnecessary loops, the prior information is added every M
samples, as shown in Fig. 4.

D. The SP-MAP Estimator

The marginal posterior distribution f(s1[i], s2[é], ..., sar[t]]
y) is a marginal function of the global posterior distribu-
tion f(s1,Sa2,...,8n|y). Therefore, it can be derived by a
marginalization process operated on Fig. 4, which can be
implemented efficiently via the sum-product algorithm.

A caveat here is that, unlike digital communications, all the
variables in Fig. 4 are continuous random variables since the
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Figure 4. A graphical interpretation of the factorization in (34). The high-dimensional variable Wy, ; = V(yi[i]) = {s1[¢], s2[d], ...,
sy i — 1]}. To simplify notations, we denote yy[¢] and z[i] by yx ; and zy ;, respectively, in the figure.

Sk+2[i - 1}’ ey

transmitted symbols {s1, Sa, ..., Spr} are continuous complex
values. Therefore, the messages to be passed on the graph are
continuous probability density functions (PDFs) as opposed
to discrete probability mass functions (PMFs). In Theorem 8
below, we prove an important result that all the messages
passed on the tree are multivariate Gaussian distributions. This
suggests that we can parameterize the PDFs by their mean
vectors and covariance matrices — passing these parameters is
equivalent to passing the continuous PDFs.

Theorem 8 (Conditional Gaussian of the posterior distribu-
tions). Consider the MAP estimator defined in Definition 4. Let
s[i] = (s1]¢], s2i], ..., sar[i]), we have the following results:
1) The marginal posterior distribution f(s[i]ly) is an M-
dimensional complex Gaussian distribution, giving

f(slilly) ~ (36)

N (3[1'],#5[1’] = ) ,

where g is a 2M by 1 real vector consisting of
the real and imaginary parts of the mean of s[t], that
is, u;[i] and “is[%] are the real and imaginary parts of
sequence E[s[i]]"; the matrix S5 is a 2M by 2M
covariance matrix. The moment parameters (us[i], Es[i])
can be computed by an analog message passing process
described in Algorithm 1 of the supplemental materials.

2) The posterior distribution f(sy[i] = Z%Zl smlilly) is a
complex Gaussian distribution, giving

Ett

s[4

211‘

s[i]

2!31

s[i]

211

s[i]

Hpa

y Bs[i] =
l”’;[i]

f(slilly) ~ (37)
, Py ji e o n

N<S+[l]7,us [z‘]:[ Al I ) [ = selil - Tsrll] )
: Hsifi) ' Zfei [4] Z;1+ (4]

T
where 'u: tEZ] 1 4“"8[7’] ‘uéJr iv 1 HTS[’L]WZEZ[L]H !
Xl Bl = 1 El 23 =1 St B
17,1

Proof. See Appendix C in the supplemental materials. ]

Based on Theorem &, the MAP estimator in Definition 4
can be refined as follows.

Definition 5 (SP-MAP estimation for the asynchronous OAC).
Given the output of the M matched filters y in (28), an SP-
MAP estimator first computes the moment parameters of the

Sk[’i], Sk+1[i — 1]7

Gaussian distribution f(s[t]|y) in (36) by analog message

passing. From the mean vector pgp; = [u;[i],u;[i]]—r, the

SP-MAP estimator estimates $.[i] by
8101 = 1Tl + 917 plpy- (38)

Eq. (38) can be understood in the following way: since
f(s+[i]|ly) is Gaussian, its mean vector maximizes the pos-
terior probability. As per the MAP rule in (33), an SP-MAP
estimator chooses the mean of f(s[i]ly), i.e., (38), as the
MAP estimate.

Finally, we compare the complexity of the SP-MAP esti-
mator against that of the LMMSE estimator. With Gaussian
message passing, the messages passed on the graph are simply
the parameters of the Gaussian distributions instead of the
continuous Gaussian PDFs. Thus, the computations involved
in the analog message passing are only 1) the sum of 2M-
dimensional vectors/matrices, and 2) 2M-dimensional matrix
inversion. The computational complexity of the SP-MAP es-
timator is then Q(LM?1log M). If we fix M as a constant,
the computational complexity of the SP-MAP estimator is
simply Q(L). In contrast, the computational complexity of the
LMMSE estimator is Q(L?log L).

V. NUMERICAL AND SIMULATION RESULTS

This section evaluates the MSE performance of various
Bayesian estimators devised in this paper benchmarked against
the ML estimator. Specifically, we consider a MAC where
M = 4 devices communicate with a fusion center via OAC.
There can be channel-gain and time misalignments among
the signals received by the AP. We shall evaluate the MSEs
of different estimators under various degrees of channel-gain
misalignment, time misalignment, and EsNO:

1) The residual channel gain of the m-th device is h,, =
|hym|e?®m. In the simulations, we set |h,,| = 1, Vm, and
focus on the impact of the phase misalignment caused by
residual phase offsets ¢,,. Specifically, we assume {¢,, :
m =1,2,..., M} are uniformly distributed in (0, ¢) and
¢ is the maximum phase offset. That is, ¢, ~ U(0, ¢).

2) Without loss of generality, the symbol duration is set to
T = 1. Recall that the p-ML and p-LMMSE estimators
make use of only the outputs of the M-th matched
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Figure 5. Numerical and simulation results of the ML and LMMSE estimators
in synchronous OAC under various degrees of phase misalignments.

filter. For these two estimators, the estimation perfor-
mance hinges on the length of the M-th matched filter
dps = 1 — 1)y In view of this, the time offsets 7,,, Vm,
are set in the following manner: first, we fix the time
offset of the M-th device 75; (and hence d,;); then, we
generate the time offsets of other devices uniformly in
(0, T, M)
3) EsNO is defined as

EsNO £ FOZ Z 19 5, ] (39)

The transmitted symbols of the four devices s,,, are gener-
ated uniformly in ranges [—6, 0], [—4, 2], [-2, 4], [0, 6], respec-
tively. Considering the intensive computational complexity
of the LMMSE estimator (see (31)), we use a short packet
length L = 128 to simulate the performance of the LMMSE
estimator. For all other estimators, the packet length is set to
L =1024.

A. Synchronous OAC

We first consider the synchronous OAC and compare the
ML and LMMSE estimators under various degrees of phase
misalignments and EsNO. The maximum phase offset ¢ is set
to 0 (no phase misalignment), 7/2 (mild),> 7 (moderate), or
27 (severe).

Fig. 5 presents the MSEs of the ML and LMMSE estimators
versus EsNO (in dB), wherein ¢ = 0 and 7 /2. The numerical
MSEs are generated by (9) and (18), respectively. In all our
simulations, the simulation results match the numerical results
very well. To ease presentation, we shall omit the numerical
results and present the simulation results in the following.

Two main observations from Fig. 5 are as follows:

1) In the aligned OAC (¢ = 0), our LMMSE estimator
outperforms the ML estimator by much in the low-EsNO

ZNotice that ¢ is the maximum phase offset and the phase offsets of all
devices are uniformly distributed in [0, ¢]. If we look at the phase misalign-
ment between any two devices, the average pairwise-phase-misalignment is
only ¢/3. That is why we classify /2 as mild because the average pairwise-
phase-misalignment is only /6.

T T
=G PLMMSE = 0.dv

Figure 6. MSEs of the p-LMMSE estimator in asynchronous OAC under
various degrees of time and phase misalignments.

regime. At an EsNO of —5 dB, the MSE gains are up to
6 dB. In the high-EsNO regime, the two estimators are
equally optimal. This is consistent with our analysis in
Section III.

2) When there is phase misalignment, both the ML and
LMMSE estimators suffer from error floor in the high-
EsNO regime. In particular, the error floor of the aligned-
sample estimator is fairly pronounced even with mild
phase offset ¢ = /2. The LMMSE estimator, on the
other hand, lowers the error floor by 86.4%.

If we further increase ¢ to m and 2w, similar results can
be observed and the LMMSE estimator consistently outper-
forms the ML estimator. Overall, we conclude that the prior
information is very helpful in the synchronous OAC, the
MSE performance is improved remarkably with the LMMSE
estimator.

B. Asynchronous OAC

Next, we evaluate the MSEs of the ML and Bayesian
estimators designed for the asynchronous OAC. With no prior
information, the viable estimators are the p-ML estimator
(Corollary 6) and the ML estimator (Definition 3). With
prior information, this paper devised a p-LMMSE estimator
(Corollary 6), an LMMSE estimator (Theorem 7), and an SP-
MAP estimator (Definition 5).

1) The p-ML and the p-LMMSE estimators: The p-ML
and p-LMMSE estimators utilize only the outputs of the M-
th matched filter. Thus, compared with their performance in
the synchronous OAC (i.e., Fig. 5), the introduction of time
offset simply results in an EsNO penalty. For example, if the
maximum time offset 75, = 0.9 (hence dy; =1 — 7y = 0.1),
then we only need to shift the curves of the ML/LMMSE
estimators in Fig. 5 by 10 dB to the right, where 10 dB is
calculated from 10log;,(1/dps). An immediate result is that
the p-LMMSE estimator is still strictly better than the p-ML
estimator after the right shift.

Fig. 6 presents the MSE performance of the p-LMMSE
estimator (the performance of the p-ML estimator is omitted).
As predicted, the MSE performance deteriorates when there
is either time or phase misalignment — time misalignment
introduces a 20 dB EsNO penalty (dj; = 0.01 corresponds to
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Figure 7. MSEs of the ML estimator in asynchronous OAC under various
degrees of time and phase misalignments.

20 dB) while phase misalignment results in both EsNO penalty
and error floor.

2) The ML estimator: Fig. 7 presents the MSEs of the
ML estimator under different time and phase misalignments.
As can be seen, when there is no phase misalignment, the
ML estimator suffers from time offset, the MSE performance
deteriorates by 20 dB when we decrease dj; from 0.99 to
0.01. When there is phase misalignment, on the other hand,
an interesting observation is that the ML estimator benefits
from time misalignment: the MSEs are improved by 15 dB
when ¢ = 7/2, 7, and 27.

ML uses the samples from all the matched filters, but it
utilizes no prior information. Comparing Fig. 6 with Fig. 7,
it can be seen that the ML estimator is even worse than the
p-LMMSE estimator (which uses only partial samples) when
there is phase misalignment. For example, to achieve a MSE
of 10 when ¢ = 7/2 and 75y = 0.01, the p-LMMSE estimator
requires an EsNO of 24 dB while the ML estimator requires
45 dB. On the other hand, the advantage of the ML estimator
is that it exhibits no error floor in the high-EsNO regime.

To summarize, a major problem of the ML estimator is that
it is very sensitive to noise due to the infinite estimation space.
As a result, it suffers from severe error propagation and noise
enhancement when there is phase misalignment [9]. This is
also validated in Fig. 7: there is a large ESNO gap between the
phase-aligned OAC and the phase-misaligned OAC.

Next, we evaluate the MSEs of our LMMSE and SP-MAP
estimators designed for the asynchronous OAC.

3) The SP-MAP and LMMSE estimators: The SP-MAP and
LMMSE estimators utilize all the samples, and also, the prior
information transmitted from the edge devices. Their MSEs are
presented in Fig. 8 and 9, respectively, under various degrees
of time and phase misalignments. As shown, the estimation
performance of the two estimators is on the same footing in
terms of MSE. Thus, we shall focus on the SP-MAP estimator
in the following.

We have two observations from Fig. 8:

1) When there is no phase misalignment (¢ = 0), the EsSNO

penalty caused by asynchrony is 17 dB. Compared with
Fig. 6 and Fig. 7, where the EsNO penalty is 20 dB with
the p-LMMSE and ML estimators, the SP-MAP estimator

Figure 8. MSEs of the SP-MAP estimator in asynchronous OAC under various
degrees of time and phase misalignments.
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Figure 9. MSEs of the LMMSE estimator in asynchronous OAC under various
degrees of time and phase misalignments.

compensates the EsNO penalty introduced by asynchrony
by 3 dB.

2) When there is phase misalignments, the SP-MAP esti-
mator also benefits from the time misalignment. Take the
¢ = m and 27 curves in Fig. 9 for example. When there is
time misalignment, the MSEs of the SP-MAP estimator
are improved by 10 dB and 13 dB, respectively.

In summary, 1) compared with the p-LMMSE estimator,
the SP-MAP estimator utilizes all the sampling output of the
matched filters and completely eliminates the error floors faced
by the p-LMMSE estimator; 2) compared with the ML esti-
mator, the SP-MAP estimator addresses the error propagation
problem by taking advantage of the prior information trans-
mitted from the devices. The MSEs are significantly reduced
in all cases; 3) compared with the LMMSE estimator, the SP-
MAP estimator attains the same level of MSE performance,
but is much more computationally efficient.

VI. CONCLUSION

Analog OAC is an efficient scheme to speed up the dis-
tributed data aggregation in MACs. The main spirit of OAC is
joint computation-and-communication by exploiting the super-
position property of the MAC whose output is an arithmetic
sum of the input signals.



In this paper, each device transmits two pieces of statistical
information about its transmitted data (i.e., the first and the
second sample moments) to the fusion center prior to data
transmission. These two pieces of prior information were
shown to be very helpful in the estimation of the arithmetic-
sum. In the aligned and synchronous OAC, the prior informa-
tion admits an LMMSE estimator at the receiver. Compared
with the ML estimator that uses no prior information, the
LMMSE estimator reduces the MSE by more than 6 dB in
the low-EsNO regime and lowers the error floor by 86.4% in
the high-EsNO regime. In the asynchronous OAC, an LMMSE
estimator and an SP-MAP estimator were devised to tackle
both the channel-gain and time misalignments among signals
thanks to the two pieces of statistical information. Compared
with the ML estimator, the LMMSE and SP-MAP estimators
address the error propagation and noise enhancement problems
and significantly reduce the MSE under various degrees of
phase and time misalignments.

A main ingredient of the estimators devised in this paper is
the “prior information” transmitted from the edge devices. In
digital communications, the transmitted symbols are discrete
constellations and the detection space is naturally narrowed
down to the possible constellation points — the discrete
constellation itself serves as a kind of prior information
to the receiver. In OAC, however, the transmitted symbols
are continuous complex values and the estimation space is
infinitely large. In this context, additional prior information
can be conducive to narrowing down the estimation space to
enable much better estimation performance. A broad lesson
is that making good use of prior information can be of great
advantage in processing the outputs of an analog medium such
as wireless channel or analog device.
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Supplemental Materials

APPENDIX A

This appendix proves that the estimator in (17) is an

LMMSE estimator, and derives its MSE.
First, the MSE of a linear estimator is given by

M 2

> (A

m=1

— 1D)sm[i] + ¢ + Az[{]

i)

N
+IAPZ A+ el

Z (A —lsm[]]

—1)sm[i]

L

— (\h—1) lzs [{]5[]) (AR — 1)+ c(Ah— 1) Zs [i]
i=1 .
(AR —1)" Z +w—+\|
= (Ah—1)" V(Ah—1)+c(/\h—1) Hp*+ (A —1)"f
+ \AFNO + e, (40)

where V is as defined in (10) and £ as in (14). As can be seen,
MSE is a quadratic function of both A and c. The optimal A
and c that minimize the MSE can be obtained by setting:

MSE N,

OMSE _ \sptiyh 1TV R+ R+ A =2 =0, (41)
O\ T

OMSE
e M —1D)Hp* 4 ¢ =0. (42)

Substituting (42) into (41) yields
hH (V _ ﬂ* AT) 1
TRH(V — T ) ht D
To simplify ), let us further define D =V — g*a" and

we finally have
-
hD1 hD1 .
= mpn N T\l rEer b B
hZ Dh + - h"Dh + T
Thus, (17) is the LMMSE estimator that minimizes the MSE.

Notice that this is an unbiased estimator since
L

Subst1tut1ng A and c¢ back into (40) yields
MSE = Ah—1)#V (Ah—1)—(\h— 1)T ap (Ah—1)*
~Ah=D)" g p " (AR—=1) + |)\|2

=M a+(1-Xh) T a—1Ta=0.

—8+

+|(Ah—1)T
= (M—=1)TD(\h—-1) + |)\|2?

| D1|?

hHDh + 3o

We next compare MSE; mvsg with MSEy. From (9) and
(18), we have

MSEmL — MSEpmmsE

=1"D1-

(43)

= (h—1)"V(h—1)+ <1TD1—

Multiplying both sides of (43) by hY Dh+ % and defining

No No
2\ 7

(MSEML — MSELMMSE) (h Vh+ T)

|n D1|? )

hHDh+ e

[l

— (hHDh + ) (hHVh 1"Vh—hV1

+1Tv1-1"D1+ ]; )+11TDRE @)
Since D is positive definite, we have hRTDh + % > 0.
To prove MSE;mmse < MSEy, we only need to prove the
minimum value of ¢ (52) is nonnegative.

From (44), we know that ¢(Ny/T) is a quadratic function of
No/T. Then, Ny /T that minimizes q(No/T') can be obtained

by setting:
9q(No/T) _ o Vo
O(No/T) T
+1'V1-

+h"Dh+h"Vh-1"Vh-hiV1

1"D1=0.

Since the noise variance cannot be negative, we have
% — max (0, % [1TD1 - (W Dh+h"Vh-1"Vh
~hAV14+1TV1))).
1) When 3 [1"D1—(h” Dh+h*Vh—-1TVh-h"V1+
1TV1)] < 0 we have Ny/T = 0 and

N,
q (T"> > ¢(0) = K" Dh(h"Vh —1TVh - h1TV1
+1'Vv1) -
Let us define E2V — D = ja*a’

¢(0)=hDR(K Vh-1"Vh-hV1+1"E1)+|1 DA
= h Dh(h¥ Dh—1"Dh—h* D1) + h Dh(h" Eh
~ 1"Eh—-h"E1+1"E1) + |17 DhJ?
= (h—1)"Dhh" D(h—1)+h”" Dh(h—1)" E(h—1)
= |(h—1)"Dh|? + R Dh|(h—1)" a|*> > 0,

h" " Dh1" D1 + [1" Dh|?

, then

where the last inequality follows because D is positive defi-
nite. Therefore,

_q(0)
hH Dh = 0.
This formula matches our intuition: when the noise variance
No/T = 0 and the channel precoding is perfect, i.e., h = 1,
we have ¢(0) = 0. The ML and the LMMSE estimators are
the same in this case as A =1 and ¢ = 0.

2) When 3[1"D1— (R Dh+h"Vh—-1TVh—hH7V1+
1TV1)] > 0 we have

MSEmr. — MSEpmmse >

g (?) > q(% [1TD1 - (W Dh+h"Vh-1"Vh

- RV141TV1)])

2
— [1"DRP -2 T(UTVh VIR BR 1T E1)



2
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Y 11" Dh|? - [1TDR)*]* = [1TDh)]* > 0

where (a) follows from 1[17D1 — (R Dh + h'Vh —
1"Vh—-hV1+1TV1)| > 0. That is, we have 1" Vh +
h'V1—-h®Eh—-1TE1 > 0, and hence 2(1" Dh)* — |(h—
1) a2 >o.

Overall, we have MSELMMSE < MSEML.

N

APPENDIX B

This appendix proves Theorem 7. We first show that the
estimator in (31) is an LMMSE estimator. Given the signal
model in (28), a linear estimator estimates s by §; = Ay+
c. The MSE of the linear estimate S, is then given by

1
MSE = —E [(Ay+c—s )" (Ay+c—sy)].  45)
The matrix A and vector c that yield the minimum MSE can

then be obtained by setting OMSE/0A = 0 and OMSE/Jc =
0. Thus, we have

OMSE E@Tr[(Ay +c—s5.)(Ay+c—s.)7]

0A 0A
= AE[yy"] + cE"[y] — E[s;.y"]
=AGE[ss7|GH+AX, 4+ cEH [s]|GH- FE[ss"]GH =0,
OMSE

5o =AE[y]+c—E[s4]=AGE[s]+c—FE[s]=0.

Given ji = E[s] and D = E[ss™] — E[s]E[s], we have

A = FDGH(GDGH +x,)71,
c=Fun— AGL.
This gives us the LMMSE estimator in (31). The MSE of the

LMMSE estimator can be obtained by substituting A and ¢
into (45), giving

MSE = %IE [(Ay +c— s )T (Ay +c— si)]
= %IE {[(AG—F)s—i—Az—i—c}H [(AG—F)s—i—Az—i—c]}

= %]E[SH(AG — F)"(AG — F)s+ " (AG — F)s +
AT Az + s"(AG — F)" e+ (]

@ %]E[SH(AG _F)1(AG — F)s + 2" A" Az
—1A"(AG — F)"(AG — F)ji]

= %Tr {(AG—F)(E[ss"-pa")(AG—F)" + Ax_ A"}

- %Tr [(AG—F)E(AG—F)HJrAEzAH] ,

where (a) follows by substituting ¢ = (F — AG)jx.

Algorithm 1 Analog message passing for SP-MAP estimation.

1: Input: Samples y and coefficient matrix D.

2: Output: The marginal posterior distribution f(s[é]|y).

3: # Initialization:

4: for k=1,2,.... M and i=1,2,....,. L+ 1 do

50 wg,i = V(ykli]);

6: Compute the information about wy, ; contained in each
sample yy[i], i.e., fp(wg,;), following (48).

7. # Forward message passing:

8: fori =1,2,...,L+1do
: for k=1,2,.... M do

10: Compute the information about wy,; contained in
all the samples {yy/[i'] : &' < k,i" < i}, i.e., fo(wk,),
following (55) and (56).

11: # Backward message passing:

12: fori=L+1,L,...,2,1do

13: for k=M M—-1,...,2,1 do

14: Compute the information about wy,; contained in
all the samples {yp/[i'] : k' > k,i > i}, ie., fl(wks),
following (57) and (58).

15: # Marginalization:

16: for 1 =1,2,..., L do

17: Compute the marginal posterior distribution f(s[]|y),
as per (60).

APPENDIX C

This appendix proves Theorem 8. Note that the key of
Theorem 8 is the first part that the marginal posterior dis-
tribution f(s[é#]|y) is an M-dimensional complex Gaussian
distribution. Provided that this argument is right, the rest of
Theorem 8 holds. In the following, let us dive deeper into
the analog message passing and prove that f(s[é]|y) is an
M-dimensional complex Gaussian distribution and can be
computed by Algorithm 1.

To begin with, we point out that a multivariate Gaussian
distribution can be parameterized by two sets of parameters
[29]-[31]: the moment parameter (w,X) and the canonical
parament (17, A). The two sets of parameters can be trans-
formed into one another and they are useful in different
circumstances, as detailed below.

The moment parameters (u, ). For a multivariate real
Gaussian random variable w of dimension 2M, its moment
parameters are defined as

p=Ew], T=E[w-p)(w-—p'].

The moment form of the Gaussian distribution is given by

: _ 1 o d ) TS (w—
Nw ) = e p{ L w—) " (w u)}~

Lemma 9 (Marginalization of a multivariate Gaussian [30]).
Let w ~ N(w;u,X) be a multivariate Gaussian random
variable of dimension 2M with the moment parameters being
(1, X). Let us partition w = [w1, w2 where w1, wa are
multivariate Gaussians of dimension k and 2M — K, respec-



tively. The moment parameters can be partitioned accordingly
as
w= {Hl} . »= (211

M2 Y21 X2

If we marginalize out wo from w, the marginal f(w1) is still
a Gaussian distribution, giving

[ b))
_ N w1 ; M1 7 11
f(w1) /wz ( [’w2 L2 Yo
oc N(w1; p1,¥11).
The canonical paraments (77, A). For a Gaussian random

variable w of dimension 20/, its canonical parameters are
defined as

212]

n=xu, A=3T

The canonical form of the Gaussian distribution is given by
N(w;n, A) = exp {—;wTAw +w'n+ p} ,
where p is a constant
p= —% (2MIn2r —In|A|+n"A'n).

Lemma 10 (Product of multivariate Gaussians [31]). Let
{wg, : k = 1,2, K}, wp ~ N(w;ne, Ag) be a set
of multivariate real Gaussian random variable of dimension
2M. Then, the product of them is still a Gaussian with the
new canonical parameters being the sum of the canonical
parameters of the original K Gaussians.

Hka,nk,Ak wv( an,ZAk> 47)
k=1

k=1
L T

Now that the factor graph in Fig. 4 has a tree structure, we
only need to pass the messages from left to right (forward mes-
sage passing) and then from right to left (backward message
passing). Each message needs to be computed only once, after
which the exact marginal posterior distribution converges.

Forward Message Passing — We first investigate how the
messages are passed from left to right in Fig. 4. Without loss
of generality, we shall focus on message passing from one
variable Wy, ; to another variable Wy,_1 ; on the right.

Notice that Wk,i = V(yk[z]) = {Slm,~-~>5k[i]73k+l[i —
1], skq2lt — 1], ...y st — 1]} and Wit = V(yr+1li]) =
{s1[i], ..., Sk[1], Sk+1t], Spa2li — 1], ..., spr[é — 1]}. Thus, the
only difference between Wy, ; and Wy 1 ; is the (k + 1)-th
symbol. We consider each complex random variable sy [i] as a
pair of real random vector: the real part and the imaginary part.
Then, each W}, ; can be viewed as a 20 -dimensional real
random variable. To simplify the notation, we denote the 2M -
dimensional real variates corresponding to Wy, ; and Wi 1 5,
respectively, by

Wi, :<bi7 ey b,za b;€+17 b;+27 ey b?\{v bllv ey b}w b;e+17 b}c+27 RS bl]v[) ’

W15 = (05, s B €1 B oo D s o Bl €1 Dl D)

/r(Wmu) !

1
/i(wk+1,i) i
\

£ (Wiia,)

r BT BT T
o~ (hl o BLCE 41 DYy BTy,
k+1i = i Q0 i i

bl . bich bl - bly

/%'(Wkn,()
/

o = (B BB B
KT\ b bbb bl

hT

Figure 10. The forward message passing from Wy, ; to Wi 1 ; (in blue)
and the backward message passing from Wy 1 ; to Wy ; (in green).

as shown in Fig. 10.

On the left half of Fig. 10, there are four edges centered
around the equality function “=" (marked in blue). Due to the
equality constraint, these four edges are associated with the
same high-dimensional variable wy, ;. In the forward message
passing, there are four messages to be computed.

1) The message passed from the bottom, denoted by
fo(wg,s). This message carries the information about wy,;
contained in the sample ¥y, ;. As per (24),

M
ki = Y (h5, + ik, ) (b5, + jbL,) + (25, + G2k,
m=1
M . . . . .
=Z (o by — P bi )+ 25 i+ Z (M by + P b3 ) 52 s
m=1 m=1

where zj ;, z}m ~ N(0, 2 24, %). Thus, the likelihood function
f(Yr,i|lwg,:) is Gaussian, giving

2
d o
(Y| wr3) oxexp ,Ff; [yi,iZ(h;biﬂhhb;)l

m

2

dg . )

xexpd — 1 [y - b+ h;lb:n)]
m

When we pass the information bottom up, yy ; is our obser-

vation (hence a constant) and wy_; is the variable. Therefore,

fo(wi,i) = f(yri|wk,:). After some manipulations, we can

write f,(wg,;) as a 2M-dimensional Gaussian distribution:

fo(wg,i) < N(wk,i, N, ), (48)
where 7, and 3 are defined as
No |B2] Wkl B2B{ BB |’

and the matrices 31 and 32 are composed of channel coeffi-
cients as follows:

hy b ~hi K
o | ™ i 5 —hy  hy
1= . . ; 2 =

GYRNDY —hir Dy



In (49), we have assumed that the dimensionality of wy,;
is 2M, that is, y,; = yx[¢] is related to M complex variables.
However, this is only valid when the number of ne1ghb0r
symbols of y[i] is M. As shown in (35), |V(yx[i])| =
only when 1 < ¢ < L. Thus, we can compute 717 and 3 by
(49) only when 1 <¢ < L.

For the boundary samples (¢ = 1, L + 1) whose neighbor
symbols are less than M, we further multiply the parameters
mp and X in (49) by an indicator vector < and an indicator
matrix I', respectively, to ensure that fj,(wy,;) does not contain
information about the symbols that do not belong to V(yx[i]).
The general form of 1, and 3, are

2dk B1 yfu o

Mo = L_}J {y,‘”] Vi, (50)
_% B1B 5155} o

== {ﬂzﬁf By ot O

where o is an elementwise multiplication. The indicator vector
~ and the indicator matrix I' are defined as follows.

First, for the first M samples (i.e., ¢ = 1), we have
[V(yx[i])| = k from (35). Thus, we define

1kx1
| Om—myx1
Ye = 1w )

O(nm—k)x1

lkxk Ok x (M—k) lkxk Ok x (M—k)

T — O(n—k)xk O(nM—k)x (M—k) O(M—K)xk 0(Mk)x(Mk)]
k= lexk O x (M—k) lexk O x (M—k) )

O(nm—k)xk O(M—k)x (M—k) O(M—k)xk O(M—k)x (M—k)

where 1 and O are all-ones and all-zero matrices with sub-
scripts denoting their dimensions.

Second, for the last M samples (i.e., © = L + 1), we have
[V(yx[i])| = M — k from (35). Thus, we define

Okx1
| Yy x1
Ve = Orx1 ?

L(m—k)x1

Okxk Ok x (M—k) Okxk Ok x (M—k)
T, = O(n—k)xk L(M—k)x (M—k) O(M—K)xk 1(h1k)x(h4k)]
k= Ok xk Ok x (M—k) Ok xk Ok x (M—k)
O(nm—k)yxk L(M—k)x (M—k) O(M—k)xk L(M—k)x (M—k)

Finally, for all other samples (1 < 7 < L), we simply set

Ye = lonrx1, Tk = lonrxonm.

This is consistent with (49).

2) Next, we consider the message f;(wg,;) passed from the
top. This message is the prior information of wy, ; and only
added when k = M (see Fig. 4). Therefore, we can write this
message as

fr(wrs) = Lp—nr fe(wars) + (1 — Li=nr) Lonrxa,

that is, fi(wg,;) is fi(war,;) when k = M and an all-ones
vector otherwise. In particular,

Je(wnrs) < N(war,i, pe, Bt), (52)
where
.

_ | e ot i i i
Ht = ]ElvEZa"'a Ma]ElvEQv"'v]EM:| )

Et = idlag (D17D27 ..-7DN[7D1,D2,...,DA{) .

It is easy to transform the moment form of f;(was,;) to the
canonical form by

EIHhAt = EI) .

3) The third message, denoted by f;(wy,;) in Fig. 10, is
the message passed from wy_1,; on the left. This message is
obtained in the same way as fy(wg+1,;) and we will analyze it
at the end of forward message passing. For now, let us assume
it is Gaussian and denote it by

fe(wr,;) o< N (w,s;Me, Ag) .

4) As per the sum-product rule, the message out of a local
function along an edge is the product of all incoming messages
to this local function along all other edges. Thus, the message

ft(wM,i) x N ('wM,i§ Nt =

(53)

out of the equality function “=", denoted by f,(wg,;) in
Fig. 10, can be obtained by
Fr(Wiyi) = fo(wi,s) fr(Wie,i) fo(wr,s)- (54

This is the “product” step of the sum-product algorithm. From
Lemma 10, we know f,(wg,;) is a Gaussian distribution, and

Ir (wk,i) o N (wk:,i§ Mr, Ar), (55)

where 1, = Ny + 1¢, A = Ap + Ap. We emphasize that this
message is an aggregation of all the known information about
wy,; from the left side of the graph.

The next step is to pass the message f,(wg,;) through the
compatibility function §. Notice that the compatibility function
connects two different variables: on the LHS, the variable
associated with the edge is wg ;; on the RHS, the variable
associated with the edge is wg41,5. Therefore, we have to
integrate f,(wy,;) over all variates that are in wy, ; but not in
Wy41,5- This is the “sum” step of the sum-product algorithm.

Notice that the common variates of wy,; and wg41,; are

_ T T ozr T i iogi i
wm— (bl""’ ko V425 00y ]\4,[)1,...7 ks k+2""’bM)’
. . T l . .
and the two different variates are b, 41 and by, 41— N We414,

these two variates are ¢}, and ¢}, ;.
Let us integrate f,.(wg,;) over by, and bl 41» giving,

wr‘] / / f',‘ wk 7 dbk+1dbk+1
k+1 k+1

As per Lemma 9, f(wp) is also Gaussian. In particular, if we
write f,(wg,;) and f(wn) in moment form as

fr(We,i) < N (wps5 o, Br)
fr(wﬁ) X N(wﬁ;ﬂﬁ,zﬁ)v

then p~ can be obtained by deleting the (k + 1)-th and (k +
1 4 M)-th rows of p,; ¥~ can be obtained by deleting the
(k + 1)-th and (k + 1 + M)-th rows and columns of X,..

However, wn is a (2M —2) dimensional variable. To obtain
fe(wi+1,:), we have to expand the dimensionality of wn by
adding ¢}, and ¢}, in the (k + 1)-th and (k + 1 + M)-
th positions. After expansion, fg(wk+1,i) is still multivariate
Gaussian:

Jo(wrg1,s) XN (We1,45 e, Xe) (56)



Figure 11. The marginalization process in the sum-product algorithm.

where pp can be obtained by adding two zeros to pq; and 3,
can be obtained by adding two all-zero rows and two all-zero
columns to Xn.

To summarize, we have shown that all the messages in-
volved in the forward message passing are 2)/-dimensional
multivariate Gaussians and can be parameterized by (48), (52),
(53), (55), (56), respectively.

Backward message passing — Our tree structure is symmet-
ric. Thus, backward message passing is symmetric to forward
message passing. As shown in Fig. 10, to pass the messages
from wgy1,; and wy;, we first compute three incoming
messages fp(Wr+t1,i), fi(Wkt1,:), and f)(Wk41,5), where
fo(wry1,:) and fi(wgy1,;) are the same as that in the
forward message passing and f/(wgy1,;) is the message
passed from wg 2 ; on the right.

Then, fj(wg+1,:) and f/(wg,;) are computed from “prod-
uct” and “sum”, respectively, by

fr(wrg1,s) = fo(wrga,i) fr(Wig,s) fr(weg,i), (57)
fl(w) = / (58)

Marginalization — After one forward message passing from
left to right and one backward message passing from right to
left, the marginal posterior distribution of each variable wy, ;
converges and can be computed by

fwrily) = fo(wr,i) fi(Wr,s) fo (W) fr(we,i),

as illustrated in Fig. 11. Therefore, f(wgs|ly) is a 2M-
dimensional real Gaussian distribution. In particular, if we
write the four messages on the RHS of (59) in the canonical
form, then the canonical parameters of f(wg ;|y) is the sum
of them.

Recall that wg, ; = (b}, ..., b%;,b}, ...,b},) is a 2M dimen-
sional real random variable, where b%, and b} are the real
and imaginary parts of the m-th complex element of Wy, ; =
V(y;c[z]) = (81[@'}782[2'], ...,Sk[i]78k+1[i — 1],Sk+2[i — 1], ceny
syli — 1)), thus, f(Wi;ly) is an M-dimensional complex
Gaussian distribution.

Let k = M, we have Wiy ; = (s1[d], s2[i], ..., sm[i]) =
s[t]. This means

f(slilly) = f(Wh,ily)

/ v i
_ fe(wk,i)d0k+1d0k+1-
k1 Y €y

(59)

(60)

is an M -dimensional complex Gaussian, the mean and covari-
ance of which can be computed from (59).



