3850

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 21, NO. 6, JUNE 2022

Channel Estimation and Data Detection Analysis of
Massive MIMO With 1-Bit ADCs

Italo Atzeni

Abstract— We present an analytical framework for the channel
estimation and the data detection in massive multiple-input
multiple-output uplink systems with 1-bit analog-to-digital con-
verters (ADCs) and i.i.d. Rayleigh fading. First, we provide
closed-form expressions of the mean squared error (MSE) of
the channel estimation considering the state-of-the-art linear
minimum MSE estimator and the class of scaled least-squares
estimators. For the data detection, we provide closed-form expres-
sions of the expected value and the variance of the estimated
symbols when maximum ratio combining is adopted, which can
be exploited to efficiently implement minimum distance detection
and, potentially, to design the set of transmit symbols. Our analyt-
ical findings explicitly depend on key system parameters such as
the signal-to-noise ratio (SNR), the number of user equipments,
and the pilot length, thus enabling a precise characterization of
the performance of the channel estimation and the data detection
with 1-bit ADCs. The proposed analysis highlights a fundamental
SNR trade-off, according to which operating at the right noise
level significantly enhances the system performance.

Index Terms—1-bit ADCs, channel estimation, data detection,
massive MIMO, performance analysis.

I. INTRODUCTION

HE migration of operating frequencies from first- to

fourth-generation wireless systems, i.e., from 800 MHz to
the sub-3 GHz range, did not bring major changes in terms of
signal propagation. The current fifth generation (5G) features
a more pronounced transition in this respect by operating at
sub-6 GHz frequencies and, eventually, up to 30 GHz with
the objective of boosting the data rates. Following this trend,
beyond-5G systems will exploit the large amount of bandwidth
available in the mmWave band (i.e., 30 GHz-300 GHz) and
raise the operating frequencies up to 1 THz [2]. In this
context, maintaining the same signal-to-noise ratio (SNR) over
a given distance will require larger antenna arrays and increas-
ingly sharp beamforming to spatially focus the signal power.
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Although the short wavelength at mmWave and sub-THz
frequencies allows to pack many antennas into a very small
area, realizing fully digital, high-resolution massive multiple-
input multiple-output (MIMO) arrays remains prohibitive in
practice [3], [4].

As in the system model illustrated in Fig. 1, each
base station (BS) antenna is generally equipped with a
dedicated radio-frequency (RF) chain that includes com-
plex, power-hungry analog-to-digital/digital-to-analog convert-
ers (ADCs/DACs) [4]. In this setting, while the transmit power
can be made inversely proportional to the number of antennas,
the power consumed by each ADC/DAC scales linearly with
the sampling rate and exponentially with the number of
quantization bits [5]-[9]. Another limiting factor is the amount
of raw data exchanged between the remote radio head (RRH)
and the base-band unit (BBU), which scales linearly with both
the sampling rate and the number of quantization bits [10]—
[12]. For these reasons, adopting low-resolution ADCs/DACs
with 1 to 4 quantization bits as opposed to the typical 10 or
more [13] enables the implementation of massive MIMO
arrays comprising hundreds (or even thousands) of antennas,
which are necessary to operate in the mmWave and sub-THz
bands [10]. In this regard, 1-bit ADCs/DACs are particularly
appealing due to their minimal power consumption and com-
plexity since they only evaluate the sign of the input signal [5].
Such a coarse quantization is especially motivated at very high
frequencies, where high-order modulations are not essential.

There is a large body of literature on massive MIMO
with low-resolution and 1-bit ADCs/DACs, ranging from
performance analysis to channel estimation and precoding
design. The capacity of the low-resolution and the 1-bit
quantized MIMO channel is characterized in [14] and [5],
respectively, whereas [15] shows that replacing even a small
number of high-resolution ADCs with 1-bit ADCs entails a
modest performance loss. The performance-quantization trade-
off in orthogonal frequency-division multiplexing (OFDM)
uplink systems is studied in [6], which shows that using 4 to
6 quantization bits involves almost no performance loss com-
pared with infinite-resolution ADCs. The spectral efficiency
of single-carrier and OFDM uplink systems with 1-bit ADCs
is analyzed in [16]. The problem of multi-user detection is
considered, e.g., in [17] and [18] for low-resolution and 1-bit
ADCs, respectively, whereas [19] focuses on the joint channel
estimation and data detection. An efficient iterative method for
near maximum likelihood detection with 1-bit ADCs is pro-
posed in [7]. The work in [8] analyzes the channel estimation
and the uplink achievable rate with 1-bit ADCs. In addition,
it proposes a linear minimum mean squared error (MMSE)

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/


https://orcid.org/0000-0003-4363-396X
https://orcid.org/0000-0001-6219-9770

ATZENI AND TOLLI: CHANNEL ESTIMATION AND DATA DETECTION ANALYSIS OF MASSIVE MIMO

D ))) Dﬁr-ADC 3
K: BV

mp)

channel estimation
and receiver design

,,,,,,,,,,,

Fig. 1. Fully digital massive MIMO uplink system.

channel estimator based on the Bussgang decomposition,
which allows to reformulate the nonlinear quantization func-
tion as a linear function with identical first- and second-order
statistics [20]: we refer to this estimator as Bussgang linear
MMSE (BLM) estimator. A similar analysis is presented
in [21] for the downlink direction. The work in [10] extends
some of the results derived in [16] and [8] for 1-bit ADCs to
the multi-bit case. Specifically, it presents a throughput analy-
sis of uplink systems and proposes a linear channel estimator
based on the Bussgang decomposition with low-resolution
ADCs. The channel estimation with 1-bit ADCs when the
quantization threshold is not known is studied in [22]. The
channel estimation exploiting the angular and delay structure is
considered in [23] and [24] for low-resolution and 1-bit ADCs,
respectively, whereas [25] exploits the temporal correlation for
1-bit ADCs. A recent line of works employs machine learning
techniques in scenarios where obtaining accurate channel
state information with low-resolution ADCs is impractical
(see, e.g., [26], [27]). The benefits of oversampling for 1-bit
quantized uplink systems are investigated in [28] and [29].
The performance of linear precoding schemes for downlink
systems with 1-bit DACs is analyzed in [9]. A similar analysis
with multi-bit DACs is presented in [11] considering both
linear and nonlinear precoding, and in [12] considering linear
precoding with oversampling in OFDM downlink systems.
Lastly, [30] proposes a general optimization framework for
downlink precoding with 1-bit DACs and constant envelope
assuming quadrature amplitude modulation (QAM) transmit
symbols.

A. Contribution

This paper broadens prior analytical studies on the channel
estimation and the data detection in massive MIMO uplink
systems with 1-bit ADCs. On the one hand, existing works
do not provide a precise characterization of the performance
of the channel estimation with 1-bit ADCs with respect to
key system parameters such as the SNR, the number of
user equipments (UEs), and the pilot length. We fill this
gap by analyzing the mean squared error (MSE) of the
channel estimation along with its asymptotic behavior at high
SNR assuming independent and identically distributed (i.i.d.)
Rayleigh fading channels among the UEs. In this respect,
we consider the BLM estimator in [8] as well as the class of
scaled least-squares (LS) estimators, such as the one proposed
in [16] (which can be obtained from the former by ignor-
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ing the temporal correlation of the quantization distortion).
On the other hand, in the context of data detection with
1-bit ADC:s, the statistical properties of the estimated symbols
have not been characterized by existing works. In this regard,
an interesting SNR trade-off was observed in [10], whereby
the estimated symbols resulting from transmit symbols with
the same phase overlap at high SNR; however, this aspect
has not been formally described in the literature. We fill this
gap by analyzing the expected value and the variance of the
estimated symbols along with their asymptotic behavior at
high SNR.! Our results on both the channel estimation and the
data detection ultimately impact the symbol error rate (SER)
and thus provide important practical insights into the design
and the implementation of 1-bit quantized systems.

The contributions of this paper are summarized as follows:

e For the channel estimation with 1-bit ADCs, we derive
closed-form expressions for the BLM estimator in [8]
and for the class of scaled LS estimators, such as the one
proposed in [16]. This enables a precise characterization
of the performance of the channel estimation with respect
to the SNR, the number of UEs, and the pilot length.
Furthermore, we show that, in the case of i.i.d. Rayleigh
fading channels among the UEs, the BLM estimator can
be simplified as a scaled LS estimator with UE-specific
scaling factors and that using a common optimized scal-
ing factor for all the UEs entails a negligible performance
loss.

e For the data detection with 1-bit ADCs, we character-
ize the statistical properties of the estimated symbols
by deriving closed-form expressions of the expected
value and the variance when maximum ratio combin-
ing (MRC) is adopted at the BS. These results can
be exploited to efficiently implement minimum distance
detection (MDD) and, potentially, to design the set of
transmit symbols to further improve the data detection
performance.

e Building on the proposed analysis, we provide a thorough
discussion on the effect of 1-bit quantization on both
the channel estimation and the data detection. For each
of the two aspects, we describe a fundamental SNR
trade-off, according to which operating at the right noise
level significantly enhances the system performance.
In this respect, the optimal transmit SNR for the chan-
nel estimation is shown to decrease as the pilot length
increases.

Outline. The rest of the paper is structured as follows.
Section II introduces the system model with 1-bit ADCs.
Sections III and IV present our performance analysis results
on the channel estimation and the data detection, respectively,
each including dedicated numerical results and discussions.
Finally, Section V summarizes our contributions and draws
some concluding remarks.

Notation. A = (A, ) specifies that A,, ,, is the (m,n)th
entry of matrix A; likewise, a = (a,) specifies that a,

IThis second part of the paper complements the results of [1] with a detailed
analysis of the normalized variance of the estimated symbols (also by means
of tractable upper bounds), while the first part is entirely new.
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is the nth entry of vector a. (-)T, (:)!, and (-)* represent
the transpose, Hermitian transpose, and conjugate operators,
respectively. Re[-] and Im[-] denote the real part and imaginary
part operators, respectively, whereas j is the imaginary unit.
E[-] and V[] are the expectation and variance operators,
respectively. Iy, Oy, and 1x denote the NN-dimensional
identity matrix, all-zero vector, and all-one vector, respectively.
Diag(-) produces a diagonal matrix with the entries of the
vector argument on the diagonal, sgn(-) is the sign func-
tion, and vec[-] is the vectorization operator. The Kronecker
product is denoted by ® and {-} is used to represent sets.
Lastly, CN'(0,1) is the complex normal distribution with
zero mean and unit variance, whereas N'(Oy,X) is the real
N -variate normal distributions with zero mean and covariance
matrix X.

II. SYSTEM MODEL

Consider the scenario depicted in Fig. 1, where a BS with
M antennas serves K single-antenna UEs in the uplink. Let
H £ (H,) € CM*X denote the uplink channel matrix:
assuming i.i.d. Rayleigh fading (as, e.g., in [8], [10]-[12]), the
entries of H are distributed independently as CN'(0, 1). Each
UE transmits with power p and the additive white Gaussian
noise (AWGN) at the BS has unit variance: thus, p can be
interpreted as the transmit SNR. Note that the same transmit
SNR is assumed for the two phases of channel estimation
and uplink data transmission. Each BS antenna is connected
to two 1-bit ADCs, one for the in-phase component and one
for the quadrature component of the receive signal. Therefore,
according to [10], we introduce the 1-bit quantization function
Q) : C*N — Q, with

Q(A) = 4/ pK2—|— ! (Sgn(Re[A]) —l—jsgn(Im[A])) (1)

and where Q £ /25 {414 j}1%N is the set containing the
scaled symbols of the quadrature phase-shift keying (QPSK)
constellation.

A. Channel Estimation

In the channel estimation phase, the UEs simultaneously
transmit their uplink pilots of length 7. Let P £ (P, ;) €
C™*K denote the pilot matrix whose columns correspond to
the pilots used by the UEs, with | P, x|? = 1, Vu, k. We assume
7 > K and orthogonal pilots among the UEs, so that PHP =
71k . Hence, the receive signal at the BS prior to quantization
is given by

Y, 2 /pHP" +Z, € CM*7 2)
where Z, 2 (Z,,,) € CM*T is the AWGN term with entries

distributed as CN'(0,1). Then, at the output of the ADCs,
we have

R, 2 Q(Y,) € CM*7 (€)

with Ry = (R, ), which is used by the BS to estimate H.
Some comments are in order. First, correlating the quantized
receive signal Ry, in (3) with P, as done in (5) below,
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results in residual pilot contamination even when the pilots
are orthogonal (see, e.g., [16]). Second, the pilots should
be preferably chosen such that their entries span an interval
[n,m + 5], with n € [0,27], so as to accurately estimate
the phases (especially at high SNR). This is explained in
Appendix A, which provides a detailed discussion on the
channel estimation with 1-bit ADCs.

The LS estimator for 1-bit ADCs, which correlates the
quantized receive signal R, in (3) with P, was first presented
in [31]. Then, a linear MMSE estimator based on the Bussgang
decomposition (see [20]), which we refer to as BLM estimator,
was proposed in [8]. According to this, h = vec[H] € CMEx1
is estimated as”

. 92 .
by £ \/ ;PPTEID_lEp e cMEx1 “4)

with P £ P @ I, € CM™*ME, r, 2 vec[R,] € CM™L
and where X, £ E[gpgg] e CM™MT denotes the covariance
matrix of r,. A linear estimator with a simpler structure can
be obtained from (4) by ignoring the temporal correlation of
the quantization distortion, which implies that the off-diagonal
entries of X, are zero. Such a scaled LS estimator was
proposed in [16] (and later extended to the case of multi-bit
ADC:s in [10]), whereby H is estimated as

Hgs 2 VIR,P e CM*K 5)

where the scaling factor ¥ (common for all the UEs) is defined
as

L2 /2 -2
:;p( p(T—K)+pK+1) . ©)

i z
71'

We point out that ¥ in (6) implicitly depends on the channel
distribution. Note that, when 7 = K, (5) coincides with (4)
since 3, = (pK + 1)k otherwise, (5) accurately approxi-
mates (4) at low SNR or when K is large [10]. In Section III,
we analyze the performance of the BLM estimator in (4) and
of the class of scaled LS estimators, such as the one in (5).
Moreover, we highlight the relationship between these two in
the case of i.i.d. Rayleigh fading channels among the UEs.

B. Uplink Data Transmission

Let z;, € C be the transmit symbol of UE k, with
E[lzx?] = 1 and x £ (z3) € CH¥*!. The receive signal
at the BS prior to quantization is given by

y 2 pHx +z € CM*? (7

where z 2 (z,,) € CM*! is the AWGN term with entries
distributed as CA(0,1). Then, at the output of the ADCs,
we have

r£Q(y) e cM! (8)

and the BS obtains a soft estimate of x as
x £ Vire i )
2Note that, in the case of correlated channels, the BLM estimator in @) is

given by [8, Eq. (60)] and the channel covariance matrix is also embedded
into Xp.
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where V. e CM*K s the combining matrix adopted at
the BS. Finally, the data detection process associates each
estimated symbol to a transmit symbol, e.g., via MDD.
In Section IV, we focus on characterizing the statistical
properties of the estimated symbols when MRC is adopted at
the BS.

III. CHANNEL ESTIMATION WITH 1-BIT ADCs

In this section, we are interested in characterizing the
performance of the channel estimation with respect to the
different parameters when 1-bit ADCs are adopted at each
BS antenna (see Section II-A). In doing so, we consider the
BLM estimator in (4) and the class of scaled LS estimators,
such as the one in (5).

A. MSE of the Channel Estimation

The (normalized) MSE of the channel estimation when the
BLM estimator is used is given by

MSEgiym = E[”hBLM - hHQ} (10)

MK
with ﬁBLM defined in (4). In [8, Eq. (17)], the closed-form
expression of (10) was derived for the case of 7 = K, which
gives

2 pK

MSEgim =1— — .
BLM T oK 41

Y

Note that the above expression is lower bounded by 1 — % ~
0.363, which is achieved in the limit of p/X — oc. Hence,
in realistic scenarios (especially for small values of K), using
a pilot length that is equal to the number of UEs results in
quite inaccurate channel estimates. In general, 7 should be
sufficiently large to compensate for the low granularity of the
ADCs, as detailed in Appendix A. For this reason, we assume
that the pilot matrix P is chosen such that PP is circulant?®
and derive a closed-form expression of (10) that is valid for
any value of 7 and K.

Theorem 1: Suppose that the BLM estimator in (4) is used
and that P is chosen such that PPH is circulant. Then, the
MSE of the channel estimation in (10) is given by

2
MSEpuy =1 - 271

1
7er+1?;T+5k

12)

where we have defined

K
P im1 Re[RL,z'PJi])
5,é§ Re[P* . P, 110 ! d
' ;e( el ( pK +1

K
« P i Im[PuJP;,i]
Im[Pu’ka,k]Q< DK +1 (13)
with
2

Qw) £ - arcsin(w). (14)

3For example, this condition is satisfied when P is a partial discrete Fourier
transform (DFT) matrix, i.e., P is composed of any K columns of the 7-
dimensional DFT matrix.
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Proof: See Appendix B. |
The result of Theorem 1 enables a precise characterization
of the performance of the BLM estimator with respect to the
transmit SNR p, the number of UEs K, and the pilot length 7.
The parameter J; in (13) is roughly proportional to 7(7 — 1)
and, for a fixed 7, decreases with K. When 7 = K, (12)
recovers the expression in (11): in fact, 7 = K implies §; = 0,
Vk, since Zfil PWP;’Z- = 0, Yu # v. Moreover, the choice of
the pilot matrix P affects the MSE of the channel estimation
through the parameters {di,...,dx}. Lastly, we point out
that, if PPY is not circulant, MSEgy can be computed via
the more involved and less insightful expression in (68) (see
Appendix B).

We now show that, in the case of i.i.d. Rayleigh fading
channels among the UEs and when PP is circulant, the
BLM estimator can be simplified as a scaled LS estimator
with UE-specific scaling factors.

Corollary 1: Suppose that P is chosen such that PPH is
circulant. Then, the BLM estimator in (4) can be simplified

as
Hpy 2 R,PW: € CM*K (15)

where we have defined ¥ £ Diag([¥y,...,Uk]) € REXK,

with
v, 22 pr . (16)
7 (pK 4+ 1)2(7 + 01)?
Proof: See Appendix C. |

The result of Corollary 1 states that, under the above assump-
tions, the BLM estimator can be implemented in a way that
avoids the inversion of and the multiplication with the M-
dimensional matrix 33,, where M7 can be quite large at
mmWave and sub-THz frequencies. In particular, P diago-
nalizes ¥, when PP is circulant, which greatly simplifies
the structure of (4). Lastly, we point out that, in the case of
correlated channels, Corollary 1 does not generally hold as the
channel covariance matrix is embedded into 3, and the latter
is not diagonalized by P.

Let us move our focus to the class of scaled LS estimators,
such as the one in (5); recall that, unlike the simplified
expression of the BLM estimator in (15), scaled LS estimators
are characterized by a common scaling factor for all the UEs.
In this regard, we first derive the closed-form expression of the
MSE of the channel estimation for an arbitrary scaling factor.

Theorem 2: Suppose that the scaled LS estimator in (5)
is used with arbitrary W. Then, the MSE of the channel
estimation is given by

1

MSEg; s £ WE[||ﬂSLS - HH%}

L+ (pK +1)U(1 4+ A) — 24/ %p\IIT (18)

where we have defined

Aéiiak,
Kk’:l

with d; defined in (13).

a7

19)
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Proof: The expression in (18) is obtained from the proof
of Corollary 1 by replacing the UE-specific scaling factors
{U1,..., ¥k} in (99) with the common scaling factor V. W
In particular, when W defined in (6) is used, (18) becomes

™

-2
2 2
MSESLszl—;p( p(T—K)+pK+1)

X (%pT(T —K)+ (pK +1)(1 — A)) (20)

Note that, when 7 = K, (20) recovers the expression of the
MSE of the BLM estimator in (11).

Now, if we consider the scaling factor ¥ as a tuning
parameter, we can minimize MSEg;s in (18) by optimizing
over W. As a result, we obtain the optimal estimator within
the class of scaled LS estimators.

Corollary 2: Suppose that the scaled LS estimator

14 s 2 VI/R,P € CMK 1)

is used, where WU’ is obtained by minimizing (18) with respect
to ¥ and is defined as

/32 PTQ

T (pK + 1)2(1 + A)?

with A defined in (19). Then, the MSE of the channel
estimation is given by

(22)

/ A 1 1/
MSEg, s = —MKE[HHSLS - H”%} (23)
2 pr?
=1—-— 24
T (pK +1)(7+ A) 24)
< (20). (25)

Proof: Since (18) is a convex function of ¥, ¥’ in (22)
can be obtained by setting d%,(18) = 0. Then, replacing ¥
with U’ in (18) yields the expression in (24). [ |
Note that ¥’ in (22) implicitly depends on the channel
distribution as does ¥ in (6). The result of Corollary 2 shows
that the optimal scaled LS estimator (in terms of MSE of
the channel estimation) is not the one that simply ignores the
temporal correlation of the quantization distortion from the
BLM estimator (see (5)—(6)); instead, a simple optimization
over the scaling factor can significantly improve the channel
estimation accuracy. When 7 = K, the optimal scaled LS
estimator in (21) coincides with the estimator in (5), and,
in turn, with the BLM estimator in (4): in fact, 7 = K implies
that ¥’ in (22) reduces to ¥ in (6) and (24) recovers the
expression in (11). On the other hand, the estimator in (21)
shall be always preferred to the estimator in (5) when 7 > K
and the performance gap between the two widens with 7 — K.
The improved performance of (21) over (5) is also suggested
by the resemblance between MSEgpy in (12) and MSE’SLS
in (24), where the latter can be obtained from the former
by replacing 0, with A, Vk. Remarkably, in Section III-C,
we show that the optimal scaled LS estimator in (21) entails a
negligible performance loss with respect to the BLM estimator.

It is of particular interest to study the asymptotic behavior
of the MSE of the channel estimation at high SNR.
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Corollary 3: From Theorems 1 and 2 and from Corollary 2,
in the limit of p — oo, we have

(26)

p—>00

2.2 & 1
lim MSEg;y = 1 — = _
im BLM - Z )
2

2 -2
lim MSESLS =1- —(—(T—K)+K>
p—00 TN\

lim MSEL « —1- 2 T (28)
p—00 SLS ™ ™ K(T + A)
where we have defined
. . YL, Re[Pyi Py
D (Re[PMPM]Q( ! I Lt v )
uFv
K
—Im[P,; P},
_Im[P;ka,k]Q<Zz—1 il ]>> (29)
' K
and
I T
A2 = > 6. (30)
k=1

The results of Corollary 3 show that arbitrarily increasing the
transmit SNR is detrimental for the performance of the channel
estimation since the right amount of noise is necessary to
recover the difference in amplitude between channel entries
(see Appendix A). This is in sheer contrast with the case of
infinite-resolution ADCs, where boosting p produces the same
beneficial noise-averaging effect as increasing 7. In the next
section, we also discuss the asymptotic behavior at low SNR.

B. Tractable Upper Bounds

The MSE expressions derived so far depend on the specific
pilot choice through the parameters {01, ...,dx} in (13) or A
in (19). To gain more practical insights, we now consider the
single-UE case (i.e., K = 1) and derive tractable upper bounds
that are independent of the pilot choice. We begin by pointing
out that, when K = 1, we have §;, = A and, thus, MSEg| v
in (12) is equal to MSE§; ¢ in (24). Let p £ (p,) € C™*!
denote the pilot used by the UE. In this setting, A in (19) can
be simplified as

A=Y (rebpjo( 2]

UFv
. plm[p.py]
p
<rre 1)9<—p+ 1> (32)

where the upper bound in (32) is obtained by fixing p such
that p, € {+03,+jB}, Yu, with 8 € C and |3]*> = 1; in
the rest of the paper, when referring to this case, we will
simply use p = 1. Indeed, for a given pilot length 7, such a
structure of p represents the worst possible pilot choice since
it maximizes the MSE of the channel estimation in (12) and
(20). As detailed in Appendix A, this effect is particularly
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detrimental at high SNR and, in the limit of p — o0, each
channel entry is reduced to a scaled symbol of the QPSK
constellation regardless of the value of 7.
Hence, plugging (32) into (12) and (26) yields
2 pT
MSEgim =1— —
T(p+1)(1+ (- D))

(33)

and

2
lim MSEBLM =1—--
™

p—00

(34)

respectively. In addition, considering (33) in the limit of 7 —

00, we have
2 P
lim MSEgjy=1— —————.

Likewise, plugging (32) into (20) and (27) yields

(35)

—2
2 2 4
MSESLS:].——pT —p(T—1)+P+1 —p(’T—l)
™ ™ ™

+(p+ 1)<1 —(r - 1)9(%))) (36)
and

2 (2 24
lim MSESLS:1__T(_(T—1)+1> (—(T—l)—T—i—Q)
>

p—00 ™ ™
(37)

respectively. Moreover, considering (36) in the limit of 7 —
00, we have

lim MSEg;s = fﬂ9<i> -~

T—00 2 p p+1
Some comments are in order. First, when 7 = 1, both (33)
and (36) recover the expression in (11) with K = 1. Second,
(34) does not depend on 7 since, in the absence of noise,
estimating the channel repeatedly over the same pilot symbol
does not bring any benefit. Third, it can be demonstrated that
(33) and (36) are quasiconvex functions of p and, as such, they
have a unique minimum. This defines a clear SNR trade-off,
according to which operating at the right noise level enhances
the channel estimation accuracy. In particular, as discussed in
Appendix A, we have that:

(38)

o At low SNR, the channel estimates are corrupted by the
strong noise;

e At high SNR, the difference in amplitude between chan-
nel entries cannot be recovered.

In general, when 7 > 1, the value of p that minimizes (33),
denoted by p*, satisfies

* *
zpi—g( P ): L (39)
/1 + 2p* P+ 1 T—1
Since the left-hand side of (39) monotonically increases with
the transmit SNR, p* decreases as the left-hand side of (39)
decreases, i.e., as 7 increases. This means that using longer
pilots allows to operate at lower SNR as the noise can be
averaged out more efficiently. This interdependence between
p and 7 can be also observed from (35): in the limit of 7 — oo,

since lim,,_.q #A(w) = 1, it follows that MSE’ — 0 as p —
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0. Lastly, it is shown in Section III-C that the upper bounds
obtained by fixing p = 1, are remarkably tight at low SNR
and up to the region around the optimal value of p. Therefore,
the above observations also apply to the general case.

C. Numerical Results and Discussion

We now focus on the performance evaluation of the channel
estimation with 1-bit ADCs with respect to the different para-
meters based on the analytical results presented in Sections III-
A and III-B. In this regard, when K > 1, we choose a
pilot matrix P composed of the first K columns of the 7-
dimensional DFT matrix. On the other hand, when K = 1,
we use the pilots p = p* and p = 1,, where

A

i _iom i(r—1) 1
p* & [l,e V3 e 927 . eI (DT ¢ C7X

(40)
denotes the vector whose entries are equispaced on the first
quadrant of the unit circle: these represent the best and the
worst possible pilot choices, respectively (see Section III-B
and Appendix A for more details on the pilot choice). We thus
consider the expressions of MSEg| 1 derived in (12), resulting
from the BLM estimator in (4) (see [8]), MSEg; s derived in
(20), resulting from the scaled LS estimator in (5) (see [16]),
and MSE; ¢ derived in (24), resulting from the optimal scaled
LS estimator in (21). These are compared with Monte Carlo
simulations with 10 independent channel realizations. For
the latter, we fix M = K to generate the channel matrices,
although the value of M does not affect the analytical and
numerical results in any way.

Fig. 2 illustrates the MSE of the channel estimation against
the transmit SNR p, also including the asymptotic MSE
expressions in (26)—-(28). Fig. 2(a) considers K = 4 and
7 = 32 and shows that MSEg| v is 5.3% lower than MSEg; g at
high SNR. Remarkably, the performance loss associated with
MSE’SLS with respect to MSEg; v is negligible and can only be
noticed by examining the relative MSE difference in Fig. 2(b),
which reaches its maximum of about 4 x 10~% in the limit of
p — oo. Hence, in the case of i.i.d. Rayleigh fading channels
among the UEs, the scaled LS estimator with a common
optimized scaling factor for all the UEs essentially achieves
the same accuracy as the BLM estimator. Lastly, we highlight
the SNR trade-off described in Sections III-A and III-B as well
as in Appendix A, whereby the MSE of the channel estimation
exhibits a valley at about p = 3 dB. Fig. 2(c) considers
7 = 128 and different values of K. Here, the gap between
MSEg M and MSEgrs widens as 7 — K increases, reaching
8.5% for K = 8 at high SNR. In this respect, at high SNR,
MSEg; s for K = 8 surpasses its counterpart for K = 16:
in fact, (26)—(28) are not monotonically increasing with K
due to the fact that d;, in (29) is a decreasing function of K.
Moreover, the SNR trade-off appears more evident for small
values of K. Fig. 2(d) considers the single-UE case, showing
that the upper bounds in (33) and (36) obtained by fixing
p = 1, are remarkably tight at low SNR and up to the region
around the optimal transmit SNR. Note that the optimal value
of p with p = 1, satisfies the condition in (39) and gives an
accurate approximation of the optimal value of p with p = p*.

Fig. 3 plots the MSE of the channel estimation against the
pilot length 7. The transmit SNR is fixed to p = 10 dB in
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Fig. 2. MSE of the channel estimation against the transmit SNR.

Fig. 3(a)—(c), whereas Fig. 3(d) considers the optimized trans-
mit SNR (we recall that p should be reduced as 7 increases to
enhance the channel estimation accuracy). Fig. 3(a) considers
K = 4 and shows that MSEg; v is 10% lower than MSEg; g at
7 = 128. Furthermore, as in Fig. 2, MSEg; ¢ closely matches
MSEgpm for any value of 7, which means that the optimal
scaled LS estimator essentially achieves the same accuracy as
the BLM estimator. Fig. 3(b) considers different values of K,
showing that the gap between MSEg;y and MSEg s widens
as 7 — K increases and reaches 7.8% for K = 8 and 7 = 128.
Fig. 3(c) examines the case where the number of UEs grows
together with the pilot length. In this setting, the gap between
MSEg;m and MSEg; s is roughly constant and increases with
the ratio 4, reaching about 5% for % = 8. Lastly, Fig. 3(d)
considers the single-UE case and the upper bound on MSEgm
in (33) obtained by fixing p = 1., which is optimized over the
transmit SNR for each 7. As discussed in Section III-B, the
optimal value of p satisfies the condition in (39) and decreases

as 7 increases.
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IV. DATA DETECTION WITH 1-BIT ADCs AND MRC

In this section, we are interested in characterizing the
performance of the data detection with respect to the different
parameters when 1-bit ADCs are adopted at each BS antenna
(see Section II-B). In this regard, we consider the scenario
where the BS uses the BLM estimator in (4) in the channel
estimation phase and the MRC receiver in the data detection
phase (see also [8]). Assuming that PP is circulant and
building on Corollary 1, the combining matrix is given by
V = ﬂBLM and we can write the soft estimate in (9) as

% = UiPUR!r 1)

pK +1

= = P (su(Re[yPHPY + Z,)

+ s (Il VPHPY +2,]))

X (sgn(Re[\/ﬁHx + z]) + j sgn(Im[/pHx + z]))
(42)
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Fig. 3. MSE of the channel estimation against the pilot length.

In the following, we focus on the single-UE case (i.e., K = 1)
and characterize the statistical properties of the estimated
symbols. We recall that the BLM estimator is equivalent to the
optimal scaled LS estimator in (21) when K = 1, as detailed
in Section III-B. Note that, in a multi-UE massive MIMO
context with infinite-resolution ADCs, MRC asymptotically
becomes the optimal receive strategy as the number of BS
antennas increases. However, when the MRC receiver results
from the quantized channel estimation, it cannot be perfectly
aligned with the channel matrix, resulting in residual multi-UE
interference. Hence, the following analysis of the single-UE
case does not consider this interference; nonetheless, this can
be straightforwardly included at the expense of more involved
and less insightful expressions, which is left for future work.

A. Expected Value and Variance of the Estimated Symbols

Let = € S be the transmit symbol of the UE, where S £
{s1,...,sr} denotes the set of transmit symbols, with s, € C,
V¢, for instance, S may correspond to the QPSK or 16-QAM
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constellation. To facilitate the data detection process at the
BS, for each transmit symbol s, € S, we are interested in
deriving the closed-form expression of the expected value of
the resulting estimated symbol §,.

Theorem 3: Assuming K = 1 and MRC, for each transmit
symbol sy € S, the expected value of the resulting estimated
symbol §;, denoted by E;, 2 E[3(], is given by

E/= @Mﬁ ;pz <Q ( Vip 4/-)}:;([27541]2 + 1))
plm[p,s¢]

(\/(P+ 1) (plse® + 1))) (43)

+7Q

with A given in (31).

Proof: See Appendix D. |
The result of Theorem 3 can be exploited to efficiently
implement MDD. In this context, each estimated symbol &
resulting from transmitting z € S can be readily mapped to
one of the expected values {Eq, ..., E.}, which are derived as
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in (43) without any prior Monte Carlo computation, according
to the minimum distance criterion. To further simplify the
process and avoid computing the distance between # and
each E;, one can construct the Voronoi tessellation based
on {Ei,...,EL} (and, possibly, other available information)
obtaining well-defined detection regions.

Now, for each transmit symbol s, € S, we derive the
closed-form expression of the variance of the resulting esti-
mated symbol $,.

Theorem 4: Assuming K = 1 and MRC, for each transmit
symbol s; € S, the variance of the resulting estimated symbol
3¢, denoted by V, = V[3,], is given by
2 72 1

Ve= WPMT +A M
with A given in (31) and where E; is derived in closed
form in (43).

Proof: See Appendix E. [ ]
The result of Theorem 4 quantifies the dispersion of the esti-
mated symbols about their expected value, which results from
the 1-bit quantization applied to both the channel estimation
(through the MRC receiver) and the uplink data transmission.
This dispersion is not isotropic and assumes different shapes
for different transmit symbols, as illustrated in Section IV-C
(see also [32]). Some additional comments are in order. First,
V, reduces as |s;| increases due to the negative term on
the right-hand side of (44): this is somewhat intuitive since
the transmit symbols that lie further from the origin are
less subject to noise. Second, although V, increases linearly
with the number of BS antennas M, the normalized variance
|EVTZ|2 (which expresses the relative dispersion of the estimated
symbols about their expected value) is inversely proportional
to M. Third, the combined results of Theorems 3 and 4 can be
exploited to design the set of transmit symbols S by jointly
minimizing the relative dispersion and the overlap between
different symbols after the estimation, which is left for future
work. Lastly, in the context of MDD via Voronoi tessellation
described above, one can utilize the variance derived as in (44)
to further refine the detection regions [1].

It is of particular interest to study the asymptotic behavior
of the expected value and variance of the estimated symbols
at high SNR.

Corollary 4: From Theorems 3 and 4, in the limit of
p — 00, we have

E
lim —% =

z T T « Re[PuSZ]
()} as)

|Ee|? (44)

|se
and
\Y/ 2 2 1 E,|2
o Ve 2y T Loy, EE (46)
p—0o0 P T T4+A M p— p

with A defined in (30), which can be simplified for K = 1 as

A=) (Re [P, ]Q(Re[pup}]) —Im[p)p, ]2 (Im[pup?l])) :
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Corollary 4 formalizes a behavior of the estimated symbols
that was observed in [10]. From (45), it emerges that, at high
SNR, all the estimated symbols lie on a circle around the origin
and their amplitude no longer conveys any information. As a
consequence, the estimated symbols resulting from transmit
symbols with the same phase become indistinguishable in
terms of their expected value, which depends only on 2l

[sel
Im[s,]

and oo For instance, if S corresponds to the 16-QAM
constellation as in Section IV-C, the inner estimated symbols
become indistinguishable from the outer estimated symbols
with the same phase. Furthermore, according to (46), these
estimated symbols become identical also in terms of variance.
In the light of this, blindly minimizing the (normalized)
variance of the estimated symbols is not the key to enhancing
the system performance. Instead, the variance (which roughly
decreases with the transmit SNR) should be minimized along-
side the overlap between different symbols after the estimation
(which generally increases with the transmit SNR). This deter-
mines a clear SNR trade-off, according to which operating at
the right noise level enhances the data detection accuracy and
thus reduces the SER. In the next section, we also discuss the
asymptotic behavior at low SNR.

B. Tractable Upper Bounds

As done in Section III-B for the MSE of the channel
estimation, tractable upper bounds on the normalized variance
of the estimated symbols, i.e., that do not depend on the
specific pilot choice, can be obtained by fixing p = 1, since
such a structure of p represents the worst possible pilot choice
(see Section III-B and Appendix A). Hence, plugging (32) into
(44) and (46) yields

A o)

’ <Q<¢<p +p11)1?£|si|2 7 1>)>> ‘%
and

e (EC5F) 00

(49)

(48)

respectively. In addition, considering (48) in the limit of 7 —
00, we have

= |;/7£|2 ) %Q<p—i1> <<Q (\/ (p+plf)i(ep[|si|2+1)>>2

’ <Q<¢(p+p11>l?f£|si|2+1>))2)1‘ﬁ

(50)

Some comments are in order. First, the normalized variance of
the estimated symbols can be made arbitrarily close to zero by
increasing the number of BS antennas M. Second, (49) does
not depend on 7 since, in the absence of noise, estimating
the channel repeatedly over the same pilot symbol does not
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Fig. 4. Estimated symbols with the MRC receiver, with 16-QAM transmit symbols and K = 1. The expected value of the estimated symbols is computed

as in (43).

bring any benefit. Third, it can be demonstrated that (48) is
a quasiconvex function of p and, as such, it has a unique
minimum that defines a further SNR trade-off. It is shown
in Section IV-C that this SNR trade-off, which is inherited
from the channel estimation phase through the MRC receiver,
is not as significant as the one described in Corollary 4.
In fact, the normalized variance of the estimated symbols
roughly decreases with p; on the other hand, the difference
in amplitude between symbols cannot be recovered if p is too
high. Lastly, while for the channel estimation a reduction of
the transmit SNR can be compensated by increasing the pilot
length (see Section III-B), a low transmit SNR in the uplink
data transmission phase inevitably results in a high normalized
variance of the estimated symbols (see, e.g., Fig. 6).% In this
respect, we point out that the system performance can be
further enhanced by optimizing the transmit SNR separately
for the two phases of channel estimation and uplink data
transmission.

C. Numerical Results and Discussion

We now focus on the performance evaluation of the data
detection with 1-bit ADCs with respect to the different para-
meters using the analytical results presented in Sections IV-A

4For instance, assuming sy = 1, it is straightforward to observe from (48)
that lim,, o (g4 = oo.

and IV-B. In this regard, we assume that the BS uses the
BLM estimator in (4), which is equivalent to the optimal
scaled LS estimator in (21) when K = 1, in the channel
estimation phase and the MRC receiver in the data detection
phase. We thus consider the expressions of E; and V, derived
in (43) and (44), respectively, for the single-UE case (i.e.,
K =1). As in Section III-C, we use the pilots p = p*, with
p* defined in (40), and p = 1.. Moreover, we specifically
analyze the scenario where the set of transmit symbols S
corresponds to the 16-QAM constellation, i.e., S = \/%{ +
14 j,+£1453,+£3+ 5, £3+ j3}, which is normalized such
that + Zle |s¢|?> = 1; however, we remark that our analytical
framework is valid for any choice of S.

Fig. 4 plots the estimated symbols for different settings,
where each 16-QAM symbol is transmitted over 10? inde-
pendent channel realizations and p = p* is used in the
channel estimation phase. The expected value of the estimated
symbols is computed as in Theorem 3: this matches the
sample average of the estimated symbols for each 16-QAM
transmit symbol and can be used to efficiently implement
MDD. Comparing Fig. 4(a)—(c), which consider the same
transmit SNR and pilot length, the relative dispersion of the
estimated symbols about their expected value reduces as the
number of BS antennas grows from M = 64 to M = 256.
In fact, a higher granularity in the antenna domain allows
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to sum the contribution of a larger number of independent
channel entries. On the other hand, comparing Fig. 4(b)
and (d), which consider the same number of BS antennas and
transmit SNR, the relative dispersion of the estimated symbols
about their expected value slightly intensifies as we decrease
the pilot length from 7 = 32 to 7 = 8. This stems from
the overall diminished accuracy of the channel estimate used
to compute the MRC receiver for each channel realization.
Lastly, comparing Fig. 4(b) and (e)—(f), which consider the
same number of BS antennas and pilot length, the estimated
symbols resulting from the 16-QAM transmit symbols with
the same phase, ie., £—=(1 =+ j) and i\/%fo(?) + j3), get
closer as the transmit SNR increases from p = 0 dB to p =
10 dB and they almost fully overlap when p = 20 dB. This
behavior was observed in [10] and is formalized in Corollary 4,
according to which such estimated symbols become identical
in terms of both their expected value and variance at high SNR.
In this respect, the SNR trade-off described in Sections IV-A
and IV-B is quite evident: while the normalized variance of
the estimated symbols roughly decreases with p, the difference
in amplitude between symbols cannot be recovered if p is
too high. For the 16-QAM, this produces a SER of about
25% since there are four pairs of indistinguishable estimated
symbols (see also Fig. 8). In summary, having independent
phases between the channel entries and operating at the right
noise level are crucial to accurately estimate the phases and
the amplitudes, respectively; we refer to Appendix A and to
the related discussion in [10] for more details.

Let us now examine the behavior of the variance of the
estimated symbols derived in Theorem 4, which we compare
with Monte Carlo simulations with 10° independent channel
realizations. Fig. 5 considers p = 10 dB and 7 = 32, show-
ing how the normalized variance of the estimated symbols
|EVTZ|2 decreases with the number of BS antennas M. The
transmit symbols i%o(l + j), having the smallest power
within the 16-QAM constellation, exhibit the most severe
dispersion of the estimated symbols about their expected value.
Furthermore, the upper bound in (48) becomes more accurate
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as M grows. Fig. 6 considers M = 128 and 7 = 32,
showing that |EVTZ|2 generally diminishes with the transmit SNR
p except for the SNR trade-off exhibited with p = 1,
here, the asymptotic expressions in (46) and (49) are also
included. Despite this trend, we recall that the difference in
amplitude between symbols cannot be recovered if p is too
high, as discussed in the previous paragraph for Fig. 4: thus,
arbitrarily increasing the transmit SNR is detrimental for the
system performance. Lastly, Fig. 7 considers M = 128 and
p = 10 dB, showing how E’T’lz reduces with the pilot length 7.

We conclude this section by investigating the combined
impact of the channel estimation and the data detection with
1-bit ADCs on the system performance in terms of SER,
which we compute numerically via Monte Carlo simulations
with 10° independent channel realizations. In this context,
the symbols are decoded by means of MDD aided by the
result of Theorem 3. Fig. 8 illustrates the SER against the
transmit SNR p, with M = 128 and 7 = 32. Here, the SNR
trade-off appears quite evident, whereby the SER decreases
until it reaches its minimum at about p = 5 dB (where the
upper bound obtained with p = 1, proves to be remarkably
tight) before escalating again. Then, the SER asymptotically
reaches 25% at high SNR, where the inner estimated symbols
of the 16-QAM constellation become indistinguishable from
the outer estimated symbols with the same phase (see also
Fig. 4(f)). We remark that the SER can be further reduced by
optimizing the transmit SNR separately for the two phases of
channel estimation and uplink data transmission, which is left
for future work.

V. CONCLUSION

This paper presents an analytical framework for the channel
estimation and the data detection in massive MIMO uplink
systems with 1-bit ADCs. First, we provide a precise charac-
terization of the MSE of the channel estimation with respect
to different parameters. In addition, we show that, for i.i.d.
Rayleigh fading, the BLM estimator can be simplified as
a scaled LS estimator with UE-specific scaling factors and
that using a common optimized scaling factor for all the
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UEs entails no noticeable performance loss. For the data
detection, we characterize the expected value and the variance
of the estimated symbols when MRC is adopted. These
results can be exploited to efficiently implement MDD and
to properly design the set of transmit symbols. The proposed
analysis gives important practical insights into the design and
the implementation of 1-bit quantized systems. In particular,
it highlights a fundamental SNR trade-off, according to which
arbitrarily increasing the transmit SNR is detrimental for the
system performance. In this respect, the optimal transmit SNR
for the channel estimation is shown to decrease as the pilot
length increases.

Future work will consider extensions of the proposed ana-
Iytical framework to more realistic channel models (for the
channel estimation) and to the multi-UE case (for the data
detection), as well as a SER optimal design of the set of
transmit symbols capitalizing on our data detection analysis.

APPENDIX A
FUNDAMENTALS OF CHANNEL ESTIMATION WITH 1-BIT
ADCs

Assuming K = 1, let h 2 (h,,) € CM*! and p £
(pu) € C™*! denote the uplink channel vector and the pilot,
respectively, of the UE. When a scaled LS estimator (such as
the one in (5)) is used, the channel estimate h £ (ﬁm) is
obtained as

VPehapi+Z11 - \/phapr+Za - D1
h=V¥Q : : :
VPhapT+ 2y - \/PhDE A2 Dr
(51)
with
. lo+1_ < .
hm = pT\II Zpu (Sgn(Re[\/ﬁhmpu + Zm,u])
u=1
+ jsen(Imly/phonpl, + Znal) ). (52)
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Let hy, = aped ¥, with 9, £ (0, mod %), and let p, =
el ®« (recall that |p,|? = 1, Yu). Assuming p — oo, the phase
of h,, can be estimated from Q(h,,,p™)p as detailed in (53)-
(54), shown at the top of the next page, i.e., Q (e’ (#m =)
shifts quadrant according to the phase of p,. Assuming that
the entries of p span the unit circle, in the limit of 7 — oo,
we obtain (55)—(56), shown at the top of the next page, where
(56) follows from

D
[ eto =gt (57)
Vm—3%
Iutd ,
[ et = e, (58)
Dn
Im+m . .
[ erta0 = (-1 e, (59)
It T
omtiE |
/ 0dg = (=1 — j)ed V. (60)
D +1

Finally, from (56), we have

(1—1) (Sgn(Re[hm]) +j Sgn(Im[hm]))ej Do

2¢7mif O, € [0,Z] (e, if O =01n),

25" if 0, € [Z,7] (e, if O =V + F),
- =277 if O, € [, 3] (ie., i O =1y, + ),

—2jel"m if O, € [2F,27] (i, if O =0 + 3F)

(61)
= 2¢70m (62)
which yields
: 1 - * _ 4 P +1 JO0m
Jim — uz::l QUhmpy)pu = —\[ —5—€’"m. (63)
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Q(hmpZ)pu = Q(ej (07n,_¢u,))ej bu (53)
p;— ! (sgn(Re[hm]) +jsgn(Im[hm]))ej Pu if ¢y € [ﬁm — g,ﬁm],
5 (sgn (Im[hm]) —jsgn (Re[hm]))eJ u if ¢, € [197”,, G + 5],
= (54)
%1( — sgn(Re[h,])—j sgn(Imfhn,])) e’ Puif ¢, € [Om + 2,0 + 7],
P +1 - j : 3
T( — sgn(hn[hm]) + sgn(Re[hm]))e] v if ¢, € [ﬁm + 7, 0 + 7}
1L o1 Jp+1 _ T
Th_)r{)lo - ;Q(hmpu)pu =5\ "5 ((Sgn(Re[hm]) +3j sgn(Im[hm])) /ﬂm_g el ?dg
Om+3
+ (SgH(IIH[hm]) —-J SgH(Re[hm])) / el 2dg + ( —sgn(Re[hm])—j sgn(hn[hm]))
Ym
Imtm "97n+377r )
X / el ?de + (— sgn (Im[h,]) +jsgn(Re[hm])) / e’ ¢d¢>) (55)
Im+5 G +7
2 1 )
=~y %(1 — j)(sgn(Re[hm]) +jsgn(1m[hm]))6] Om (56)

Hence, the phase of h,, can be estimated accurately if 7
is sufficiently large and the pilot symbols span the unit
circle. Nonetheless, from (53)-(54), it is straightforward to
see that Q (el Om=0u))ed bu = (e Om=0uF3))ed (ButF) =
Q&7 (9m=#uFm) e (9ut™) e, shifting the phase of the pilot
symbol by a multiple of 7 does not add any information about
the phase of h,, when p — oo. As a consequence, the best
possible pilot choice features equispaced and non-repeating
phases on an interval [n,n + %], with € [0, 27] (one such
choice is p* in (40)). On the other hand, the worst possible
pilot choice is given by fixing p such that p,, € {+3, +j 5},
Vu, with 3 € C and |3]? = 1 (one such choice is p = 1,).
Note that fixing p = 1, with p — oo would reduce each
channel entry to a scaled symbol of the QPSK constellation
regardless of the value of 7, whereas with finite p the phase of
hy, can be still estimated by exploiting the independent noise
realizations over the pilot symbols.

The right-hand side of (63) does not include any information
about the amplitude of h,, due to the assumption that p —
0o. Assuming now finite p and, for simplicity, p = 1,
the amplitude of h,, can be estimated from Q(\/ﬁhml;F +

[Zmas-- - Zm,e])1s, where
+1
Q/phm + Zma) = \| F5— (sen(VARelhn] + RelZpno])

+ jsgn(y/plm[hy,] + Im[Zm,u])). (64)

In the limit of 7 — oo, we have

Tim =" Qi + Z) = 1/ Pt (erf (VoRefh])
+J erf(\/ﬁhn[hm])) (65)

where erf(w) £ %r Ow

Since erf(w) is approximately linear for w € [—1, 1], the dif-
ference in amplitude between channel entries can be estimated
accurately if their real and imaginary parts lie in [ — ==, =]
) . . . PP
and 7 is sufficiently large, and this holds despite choosing
P = 1,. On the other hand, if 7 is not sufficiently large at
low SNR, the channel estimates are corrupted by the strong
noise. Hence, the estimation of the amplitude of h,, benefits

from operating at the right noise level.

2 .
e t"dt denotes the error function.

APPENDIX B
PROOF OF THEOREM 1

We begin by writing (10) as

1 ~H o~ ~H
MSEpLm = UK (E [h"'h)+E[hg; yhp ] —2E[Re [hBLMhH)

(66)
1 (2 o0 Hyxe1 8
=1+ (;ptr(Psz '"Elryr)'|X, PY)
2 H —1p=*
—21/;pRe[tr(E[hrp]2p P )D (67)
=1- Lgptr(fﬂzp—lf)*) (68)

MK

where (68) follows from applying E[hr?] = \/gf’T; note
that a similar MSE expression appears in [33, Eq. (48)].
Now, as detailed in Appendix B-A, we can express the
covariance matrix of r, as

3, = (pK + 1)@ © Iy (69)
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A TXT :
- u,v >
where we have defined ® = (®,,,) € C with

1 if u=w,

a P37y Re[Pui Py ] c o (P ko Im[Pu i P ]
Dy, 2§ QLR dlelul) o2k BBl
if u# v.
(70)

Furthermore, let px € C™! denote the kth column of P.

Hence, we can write

. . 1
Ty —1p* __ Tx—1p*
P 'P _pK+1(P P @Iy (71)
7_2
= ——(PT®P") 'aly (72)

pK +1

where (72) results from the fact that, if P is chosen such that
PP is circulant, ® is also circulant and, as a consequence,
so is its inverse: in this case, P diagonalizes both ® and its
inverse, which implies p} ®p; = 0, Vk # . Finally, plugging
(72) into (68) yields

1 2 pr?

MSEBLMJ——MK;ijLl r(PT@®P*) ' @1y) (73)
12 pr? T 1
=1-—=-— tr((P* ®P* 74
KrnpK+1 r(( ) ) (74
2 pr?
=1-—— (75)
7er+1K;p;£¢'pk

and the expression in (12) is obtained by observing that
pgq)pz = 7 + 0, with . defined in (13). [ |

A. Derivations of (69)

In this section, we derive the closed-form expression of 3.
To this end, we introduce the following definitions:

K
A 2 sgn (Re {\/EZHMR% + Zm,uD (76)

k=1

sgn (\/EZ (Re[H k] Re[Py]
k=1

+Im[H,, x| Im[P, ;]) + Re[Zmu]), (77)
K
B £ sgn (Im [\/ﬁ Z Hon i Py + Zm]) (78)

sgn (\[Z

+Tm[H,, 1] Re[Pus]) + Im[Zmu]). (79)

H,, 1| Im[P, k]

Moreover, we present the following proposition, which will be
also used in Appendix D.

Proposition 1: Let ¢ ~ N(0,71y), with v > 0. For
a;,a, € RV*! we have

- alTag
E[sgn(ar ¢)sgn(az ¢)] = <7|a1| ] > (80)
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Proof: To obtain the expression in (80), we first observe
that
E[sgn(Xl)sgn(Xg)}
= P[Xl >0, X9 > 0] +P[X1 <0,X5 < 0]
—P[X; >0,X2 <0 —P[X; <0,X2>0]. (81

For X; = ai¢ and X, = al(, the first term on
the right-hand side of (81) can be obtained building

on [34] as
- i(Hg(ﬁ)) (82)

where TaTaaT Ha ] represents the correlation coefficient between
X, and )é , and the other terms can be derived following

Plaj¢ > 0,a5¢ > 0]

similar steps. n
Now, we can write the ((u — 1)M +m, (v — 1)M + n)th
entry of r, IEI as
K+1 . . *
Rm;u,R:‘L’q, = L 9 (Am,u + Bm,u)(An,v + Bn,v)
(83)
K+1
= L 2+ (Am,uAn,v +Bm7uBn,v
+] (Bm,uAn,v - Am,uBn,'u)) (84)

with Rmuan’u = pK + 1. Hence, the expected value of (84)
is given by (85), shown at the top of the next page. This results
from

_ P Zk 1 Re[ u,k Py )
B Q( pK +1 )’ &7)

K *
P k=1 Im[th‘Pv,k] (88)
pK +1

E[Am uBmas] = 2 (

which are derived by applying Proposition 1. For instance,
E[An,wAmy] in (86)~(87) can be obtained by plugging
(89)—(91), shown at the top of the next page, into (80), which
gives (92), shown at the top of the next page. Finally, the
expression in (69) readily follows from (85).

APPENDIX C
PROOF OF COROLLARY 1

We show that the estimator in (15) provides the same MSE
of the channel estimation as the BLM estimator in (4). To this
end, we write vec[ﬂBLM] = \il%f’Tgp, where we have defined
U2 Wl e CMEXME Eollowing similar steps as in the
proof of Theorem 1, we obtain

MSEpm = 1+ ﬁ (tr(\iféf’TE[rPrg]f’*\il%)
~ 2Re|tr (E[rf)P & 4)] ) 93)
=1+ ﬁ (tr(\i:%f)szP*\if%)
- 2\/§tr(PTP*\i:%)> (94)
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K * K *
(pK + 1)(Q(P2k=1 Re[Pu,ka,k])_jQ<PZk=1 Im[Pu,ka,k])) if m = n,u # v,

E[RmmR:;,v] — pK+1 pK+1 (85)
0 ifm#mn
1
C = [Re[HmJ], cey Re[Hm}K], IIH[Hmyl], ce ,Im[Hm’K], Re[me], Re[Zm’v”T ~ N<0(2K+2), §I(QK+2)> y (89)
a1 = [VARe[Puil, .-, vIRe[Pu ], /AIM[Pyr], ..., /PIm[Py ],1,0] T € REEFDX1, (90)
as = [ARe[Py1l,- .., VRe[Py k], /AIM[P, 1], ..., /PIM[P, 1],0,1] T € REK+x1 1)

K
E [sgn<\/ﬁz (Re[Hy, i|Re[P, ;] + Im[H,, ;] Im[P, ;]) + Re[zm])

=1 .
XSgn( Z H, i)Re[P, ;] + Im[H,,, ;JIm[P, ;]) + Re[Z,p, ])]
_ ( pY it (Re[P ]Re[vk]+lnﬂf2ﬁﬂnﬂf%ﬁb ) 92)
(p Xher (Re[Puk]? + Tm[Poi]?) + 1)% (p 34 (Re[Py k]2 + Tm [P %) + 1)

Hence, we can write
U:PTE, P ¥ = (pK +1)(PP &P W2) @ 1)y,
95)

PTP*¥: = (PTP*¥?) g1y (96)

and (94) becomes

1 1 )
MSEanse =1+ 3 (05 + V(93 P8P w2 0 Ty)

—21/;ptr((PTP*\II%) ®IM)) 97)
=1+ % ((pK + Dtr(TPTOP* W)
— 2,/%ptr(PTP*qf%)) (98)

K
1 2
=1+ ,;,1 <(pK+1)\Ifk(T+5k)—2\/ ;\hm)-

99)

Since each term in the summation of (99) is a convex function
of Wy, the expression of the UE-specific scaling factor in (16)
can be obtained by setting ﬁ(99) = 0. Finally, plugging (16)
into (99) yields the MSE of the BLM estimator in (12). H

APPENDIX D
PROOF OF THEOREM 3

We begin by introducing the following definitions:

am,u 2 sgn(Re[y/phmply + Zum.u)) (100)
= sgn(vp(Relh]Relp,] + Tmffin]Im(p.))
+Re[Zm}u]), (101)
— sgn(Im[\/ﬁhmpZ + Zm,u]) (102)
= sgn(v/( — Re[hm]Tm[p,] + Imfhn Relp,])
+Im(Zp]) (103)

SNote that (100)-(103) are equivalent to (76)—(79) for K = 1.

and
m = sgn(Re| \/_hmw + 2m)) (104)
= sgn (\/_ hm|Re[s¢]— Im[hm]lm[sz]) —l—Re[zm]),
(105)
dm = sgn(Im[\/ﬁthg + zm]) (106)

— sen (\/E(Re[hm]lm[sd +Tm ] Re[s,]) —l—Im[zm]) .
(107)

From (42), we can write the estimated symbol as

M T
. ptl = « . « .
S¢ = T v’ Z Zpu(am,u+] bmu) (Cm+] dm)

m=1u=1
(108)
+ 1 M T
— P 5 /! Z sz (am,ucm + bm7udm
m=1u=1
+J (am,udm - bm,ucm))- (109)
Hence, the expression in (43) results from
Elam,ucm] = E[bm,udm] (110)
_ ( pRe[pus@] ) (1 1 1)
Vo +1D)(plse? +1)
Elam,udm] = —E[bm,ucm] (112)
1
= ( i m[puse]g ) (113)
Vo +1D)(plse? +1)

which are derived again by applying Proposition 1. For
instance, E[a, ] in (110)~(111) can be obtained by plug-
ging

¢= [Re[hm], Im[hm], Re[Zm u) Re[zm]]T ~N(O4, %I4>,

(114)
a1 = [pRelpu), vpIm(p,], 1,0] " € R, (115)
ag = [v/pRels), —/pImls],0,1] " € R (116)
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E [sgn VP (Relhum]Re[py] + Tm[h,, | Tm[p,]) + Re[Zmu])sgn(\/ﬁ(Re[hm]Re[sz] — Tm[hy)Tm]s]) + Re[zm])}

_ p(Re[pu|Re[s¢] — Im[p,|Tm][s])
- Q<\/p(Re[ W2+ Im[p,]?) + 1/p(Re[s¢]2 + Im[s,]2) + 1> (117)

2 _ 2 o pRe[py s/ pRe[pysi]
B = o ZZ(R p“p“( (¢<p+1><p|84|2+1>>Q(¢<p+1><p|sz|2+1>>

pIm[pusé] pIm[pvsz] mlp* pRe[pusé]
Q<¢<p+1><p|sz|2+1>>9(¢<p+1><p|se|2+1>)> i [p“p”](g(wH1><p|se|2+1>>

o omlpusd N _of  plmpus] N\ (  pRelp,s]
(etrte) (5 ) (o) e
2 M T 2
Rel3,]% = @\Iﬂ( Z Z (Re[pu](amucm + b udm) + Im[py)(am udm — bmucm))) (120)
m=1u=1

1 2 M T
M\Iﬂ( Z Z (Re[pu](am,ucm + bm,udm) + Im[ u](am,udm - bm,ucm))2

4 m=1u=1
M
+ Z Z (Re[pu](am,ucm + bm,udm) + Im[ u](am,udm - bm,ucm)) (Re[ U](am,vcm + bm,vdm)
m=1u#v

+ Im[pv](am,vdm - m 'L)Cm Z Z Z Re[pu am uwCm + bm udm) + Im[pu](amudm - bmgu,cm))

m#n u=1v=1

X (Re[p'u](an,vcn + bn,vdn) + Im[pv](an,vdn - bn,vcn))> (121)
( + 1)2 M
= L2y <4MT +25° 3 (Relpip) (muttm,o + brnsubms) = Tmpip] (@b — b))
m=1u#v

+ Z Z Z (RG[PZPD] ((am,ucm + bm7udm)(an,vcn + bn,vdn) + (am,udm - bm,ucm)(an,vdn - bn,vcn))

m#n u=1v=1

+ T [p po] (GmuCon + b)) (@ ol — brCn) = (o atlors — b o) (@ + bwdn)))) (122)
Eljs] = o+ 202 (r+ 3 (Rebsiml( Z5RE ) — misin (270450 ) )
H Zl Z i (0 it (i) ()
Q(wp fﬁfﬁ]zﬂl = 1>>> FOTN 2 ) iy (Q(wp ﬁi%?@ ¥ 1>>
Q(wp fi[fmj) = 1>> ) Q(W fi[ﬁiﬂi ¥ 1))9(«;) iRn[fmj) T 1>)>) (12

into (80), which gives (117), shown at the top of the with E[|5,?] = E[Re[5,]?] + E[Im[$,]?] and where |E|?

page. B is given by (119), shown at the top of the page (cf.
(43)). Furthermore, recalling the definitions in (100)—(107)

APPENDIX E and building on (108)—(109), we can write Re[3,]? as in

PROOF OF THEOREM 4 (120)~(121), shown at the top of the page, and Im[3,]? can

The variance of the estimated symbol §, can be written as  be obtained following similar steps. Then, summing up (121)
and Im[3,]? yields |§,|? in (122), shown at the top of the

a2 2
Ve = IE[|5€| ] — |Ee| (118) page. Now, we have that &, € {@m,usbm,u; Cm, dm } and
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&nw € {anw, by, Cn,dy} are independent random variables
if m # n regardless of the indices wu,v. This implies that
Eltm, uCmbn,vdn] = Elam, uCm|Elbn »dy] and the same holds
for the other products in the second summation of (122).
Hence, the expected value of (122) is given by (123), shown at
the top of the previous page, which follows from (110)—(113)

and from®
E[am,uam,v] = E[bm,ubm,v] (124)
R *
- Q<7p e[p“p”]>, (125)
p+1
Im[p,p:
B[t ubm.o] = Q<M). (126)
p+1
Finally, the expression in (44) is obtained by plugging (119)
and (123) into (118). [ |
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