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ABSTRACT This paper analyzes the uplink performance of multiuser massive multi-input-multi-output
systems with spatially correlated channels by using a mixed analog-to-digital converter (ADC) architecture,
where the base station (BS) is equipped with two resolution levels’ ADC. More specifically, the exponential
correlation matrix model is used for modeling spatially correlated channels. Meanwhile, the additive
quantized noise model and the maximum ratio combining technique are used at the BS receiver. Thereby,
closed-form approximations for the achievable rate are derived under perfect and imperfect channel state
information (CSI), respectively. In addition, we have studied the tradeoff between achievable rate and energy
efficiency. Then, the influence of physical parameters on the corresponding results is analyzed, including user
transmit power, the number of BS antennas, spatial correlation coefficient, CSI errors, and ADC quantization
resolution. The numerical results show that as the spatial correlation coefficient increases, the achievable
rate is almost constant at the low signal-to-noise-ratio (SNR) stage, but the achievable rate is gradually
reduced to near zero at the high SNR stage. Furthermore, in terms of the tradeoff between achievable rate
and energy efficiency, the performance of the two-level ADC architecture is significantly better than the
uniform ADC architecture.

INDEX TERMS Massive MIMO, mixed-ADCs, spatial correlation, achievable rate, energy efficiency.

I. INTRODUCTION
Massive multiple-input multiple-output (MIMO) antenna
technology, one of the most attractive key technologies in the
fifth-generation (5G) mobile cellular network, has recently
captured a lot of researches and attentions from researchers
and engineers around the world, because it has the potential
to significantly improve throughput, spectral efficiency and
energy efficiency in wireless communication systems [1]–
[4]. The main idea of massive MIMO is to deploy hun-
dreds of huge-scale antenna arrays at the base station (BS)
and dozens of users simultaneously use the same time-
frequency resources, which greatly develops space resources
and improves the utilization of time-frequency resources,
while the gain between spectral efficiency and energy effi-
ciency have been significantly improved [5]–[8].

In a massive MIMO system, a large number of anten-
nas (e.g., hundreds) are provided at each BS, and thus the
limited physical space causes the spatial correlation among
the antennas cannot be ignored [9]. Meanwhile, with the

substantial increase in base station antennas containing high
resolution analog to digital converters (ADCs), which causes
the exponential growth in hardware cost and power consump-
tion. However, the above mentioned problem has recently
been addressed in massive MIMO systems, especially by
using low resolution ADCs in the systems (e.g., using
1-3 bit) (e.g., [7]–[16]). The work in [12]–[16] are on massive
MIMO systems with low-resolution ADCs, which widely use
the nonlinear quantization noise model and the maximum
ratio combined (MRC) receiver to derive the closed-form
approximation expression of the uplink spectral efficiency,
in which all ADCs are assumed to have the same resolution.

Moreover, ADCs with hybrid architectures have been
extensively studied in Massive MIMO systems
(e.g., [17]–[22]). In [18]–[20], a two level mixed-precision
ADC architecture for massive MIMO uplink are proposed
in Rayleigh and Rician channels, respectively, where a small
portion of the ADCs with full resolution is used to improve
system performance, while most of the remaining ADCs
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with low resolution are responsible for hardware cost and
low power consumption. In addition, hybrid ADCs with
multiple level of resolution have been emerged and studied
in massive MIMO systems. In [17] and [23], a tight approx-
imation expression of uplink spectral efficiency has been
obtained for a mixed ADC architecture with any resolution
profile, and the ADC resolution profile optimization are
proposed by considering both the outage probability and
energy efficiency or spectral efficiency and energy efficiency,
respectively.

Recently, the spatial correlation of the channel has been
noticed and some researches have emerged (e.g., [24]–[30]).
Tong and Zekavat [24] proposed a spatially correlated
Rayleigh fading channel technique for MIMO systems by
using virtual channel representation. In [25], the closed form
expression of the outage probability and the upper limit of
the ergodic capacity are derived by considering the spatial
channel correlation at the BS antennas. In [26] and [27],
the exact closed expression of the probability density function
is obtained by studying the channel capacity of the Rician
spatial correlated channel. Moreover, the performance of
massive MIMO systems with low resolution ADCs under
spatially correlated channels has recently been analyzed, and
the approximate expression for achievable rate of low reso-
lution ADCs has been derived with imperfect channel state
information (CSI) [9]. However, the performance of massive
MIMO systems with mixed-resolution ADC under spatially
correlated channels has not been investigated in the exiting
literature.

In this paper, we aim to analyze the uplink achievable
rate and energy efficiency of massive MIMO systems under
spatially correlated channels with a mixed-ADC receiver
architecture.1 The main results and distinct contributions of
our work can be summarized as follows.
• This new finding is different from the result in the

previously published work [16], [18], [19], [23], our works
are extended to massive MIMO systems with spatially cor-
related channels. In contrast to [9], we focus on the mixed-
ADC architecture and consider perfect and imperfect CSI,
respectively.
• Via assuming spatially correlated channels, our work

derives a tractable closed-form approximate expression for
the achievable rate of massive MIMO system with mixed-
ADC architecture. These simulations reveal the influence of
the number of BS antennas, user transmit power, ADC quan-
tization bits, CSI error and spatial correlation coefficients on
the achievable rate.
• By further simplified analyses of the achievable rate

expressions that have been obtained, it is worth noting that
our derivation results are more general, which contain many
previously published works [9], [16], [18] as special cases via
adjusting some parameters.

1Extensions systems with ADC of multiple resolution levels are not
straightforward and are left for future work.

• A realistic power consumption model is considered.
We have analyzed the trade-off between achievable rate and
energy efficiency for different spatial correlation coefficients
and CSI in massive MIMO with mixed-ADC architecture
when ADC quantized bits and the number of BS antennas
increase.
Notation : lowercase boldface, uppercase boldface and

normal typeface represent vectors, matrices and scalars,
respectively. The symbols ‖·‖, (·)T, (·)∗ and (·)H represent the
Euclidean norm, transpose, conjugate and conjugate trans-
pose, respectively. Moreover, IM denote an M × M identity
matrix, R is spatial correlated matrix, [R]mn is the element
at the mth row and nth column of R, and η denotes spatial
correlation coefficient. Finally, E{·} is the expectation opera-
tor, Q(·) denotes the quantization function of the ADCs and
diag(·) denotes the diagonal of matrix.

II. SYSTEM MODEL
In this section, we consider the uplink of a single-cell multi-
user massive MIMO system with K single-antenna users
and M (M � K ≥ 2) receiver antennas at BS, where
the users transmit their signals to the BS in the same time-
frequency resource. Moreover, it is assumed that the system
is a signal unit with no interference from neighboring cells,
and the RF chain of each BS antenna is equipped with a
pair of ADCs. However, the mixed-ADC structure consists
of two parts, including the M0 antennas are connected with
high-resolution ADCs to improve performance, while the
remainingM1 (whereM1 = M−M0) antennas are connected
with low-resolution ADCs to reduce power consumption and
hardware cost [18].

Let F be the M × K channel matrix from the users to
the BS. According to the Kronecker correlation model [31],
the channel matrix is modeled as

F = R1/2HD1/2, (1)

where R ∈ CM×M denotes the channel spatial correla-
tion matrix at BS whose spectrum norm ‖R‖ is uniformly
bounded, H ∈ CM×K denotes the small scale fading coeffi-
cients, i.e., a complex Gaussian random variables with zero-
mean and unit-variance, while D = diag(β1, β2, · · · , βK )
denotes the corresponding large scale fading coefficients,
i.e., [D]kk = βk , where k = 1, . . . ,K .
For the spatial correlation matrix R,2 the simple exponen-

tial Toeplitz correlation model [32], [33] is adopted, which
the (m, n)th element of R is

[R]mn =

{
ηn−m, m ≤ n,
(ηm−n)∗, m > n,

(2)

where the magnitude η is the correlation coefficient between
adjacent receive antennas (for 0 ≤ |η| ≤ 1). Obviously,
η = 0 means no spatial correlation between adjacent
antennas, whereas η = 1 means full correlation.

2As mentioned after (1), rmn denotes the (m, n)th element of R and rmm
denotes the (m,m)th element of R, etc. For an uncorrelated massive MIMO
system, the spatial correlation coefficient η = 0 i.e., R = I.
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For the channel matrix of the mixed-ADC structure,
we define F = [F0 F1]T, where F0 is the M0 × K channel
matrix from the users to the M0 BS antennas with high-
resolution ADCs, and F1 is the M1 × K channel matrix
from the users to the M1 BS antennas with low-resolution
ADCs [18]. The received analog signal vector of the high-
resolution ADCs can be expressed as

y0 =
√
puF0x+ n0, (3)

where pu denotes the average transmitter power of each user,
x = [x1 x2 ··· xk ]T denotes the signal from all users to the BS
and the energy of x is normalized as E{xxH} = IK , and n0 ∼
CN (0, σ 2IM0 ) is the additive white Gaussian noise(AWGN)
vector at BS. For tractability of analysis, the additive quanti-
zation noisemodel (AQNM) is used tomodel the quantization
error as additive Gaussian random variable [17]. The received
signal vector of low resolution ADC is expressed as ỹ1 =
√
puF1x + n1, thus the quantized signal vector by ỹ1 can be

written as y1 = Q(̃y1). Then, the quantized received signal
vector of the low-resolution ADCs can be approximated as

y1 ≈ αỹ1 + nq =
√
puαF1x+ αn1 + nq, (4)

where n1 ∼ CN (0, σ 2IM1 ) is the additive white Gaussian
noise vector at the BS, and nq ∼ CN (0,Rnq ) is the additive
Gaussian quantization noise vector which is uncorrelated
with y1. Here, α = 1−ρ is the linear quantization gain, where
ρ is the ratio of the quantizer error variance over its input
variance, and the exact value of ρ have been listed in Table 1
for ADC quantization bits b ≤ 5 [34]. For b > 5, the formula
ρ ≈ π

√
3 · 2−2b−1 can be used [35], which can be found that

ρ decreases as b increases.

TABLE 1. Quantization coefficient ρ for ADC with b bits resolution.

For a fixed channel realization F, the covariance of nq can
be expressed as

Rnq = αρdiag(puFF
H
+ σ 2IM ), (5)

whose mth diagonal entry represents the power of quantiza-
tion error of the mth pair of ADCs.
Utilizing (3) and (4), the overall received signal at the BS

can be expressed as

y =
[
y0
y1

]
≈

[ √
puF0x+ n0

√
puαF1x+ αn1 + nq

]
. (6)

III. ANALYSIS OF ACHIEVABLE RATE
In this section, closed-form approximate expressions for
uplink achievable rate of mixed-ADCs massive MIMO sys-
tems are derived with perfect and imperfect CSI, respectively.
Moreover, the effects of the user average transmitter power,
the spatially correlated coefficient, the CSI error and the pro-
portion of low resolution ADCs in the mixed-ADC structure
are revealed.

A. PERFECT CSI
In this subsection, the case of perfect CSI is firstly considered
at the BS, where the received signal vector is processed by FH

before detection. By using (6), the received signal vector after
the MRC combination r = FHy can be further given by

r =
√
pu(FH

0 F0 + αFH
1 F1)x+ (FH

0 n0 + αF1n1)+ FH
1 nq.

(7)

From (7), the output signal for the kth user can be expressed
as

rk =
√
pu(fH0,k f0,k + αf

H
1,k f1,k )xk + (fH0,kn0 + αf

H
1,kn1)

+
√
pu

K∑
i=1,i 6=k

(fH0,k f0,i + αf
H
1,k f1,i)xi + fH1,knq, (8)

where f0,k and f1,k are the kth column of F0 and F1,
respectively. Specifically, the last three terms in (8) as noise
plus interference terms, which are random variable with
zero-mean and variance.

According to (8), the ergodic achievable rate of the kth user
under perfect CSI can be expressed as

RMRC
P,k = E

{
log2

(
1+

pu|fH0,k f0,k + αf
H
1,k f1,k |

2

81

)}
, (9)

where

81 = pu
K∑

i=1,i 6=k

|fH0,k f0,i + αf
H
1,k f1,i|

2
+ |fH0,kn0 + αf

H
1,kn1|

2

+αρfH1,kdiag(puF1FH
1 + σ

2IM1 )f1,k . (10)

For the perfect CSI case, due to the expression of achiev-
able rate in (9) is too complicated to be computed, it is
necessary to make some approximate derivation, and the
approximate expression of (9) is obtained in Theorem 1.
Theorem 1: For a multi-user massive MIMO uplink sys-

tem with mxied-ADC architecture under spatially correlated
channels and perfect CSI. The achievable rate of the kth user
can be approximated by (11), as shown at the top of next page.
Proof: For the number of BS antennas M is very large but

finite, we can use the following common approximation [36,

Lemma 1]: E{log2(1 + X
Y )} ≈ log2(1 +

E{X}
E{Y }

) for massive

MIMO, where X and Y are random variables which don’t
require to be independent of each other, and converge to their
means due to the law of large numbers. Thus, (9) can be
written approximately as

RMRC
P,k ≈ log2

(
1+

puE{|fH0,k f0,k + αf
H
1,k f1,k |

2
}

E{81}

)
, (12)

where

E{81} = pu
K∑

i=1,i6=k

E{|fH0,k f0,i + αf
H
1,k f1,i|

2
} + E{|fH0,kn0

+αfH1,kn1|
2
} + E{fH1,kRnq f1,k}. (13)
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RMRC
P,k ≈ log2

(
1+

puβk (ξ0 + 2αψ0ψ1 + α
2ξ1)

puυ
K∑

i=1,i 6=k
βi + σ 2(ψ0 + αψ1)+ α(1− α)puψ1

K∑
i=1
βi

)
,

where

ψj =

Mj∑
m=1

|rmm|, ξj =

Mj∑
m=1

Mj∑
n=1

(|rmn|2 + rmmrnn)+
Mj∑
m 6=n

Mj∑
n=1

rmnrnm, j = 0, 1,

υ =

M0∑
m=1

M0∑
n=1

|rmn|2 + α2
M1∑
m=1

M1∑
n=1

|rmn|2. (11)

By following themethod in [16], the expected value of each
term in (12) can be directly calculated, the calculation results
are as follows:

E{|fHj,k fj,k |
2
} = β2k

( Mj∑
m=1

Mj∑
n=1

(|rmn|2 + rmmrnn)

+

Mj∑
m 6=n

Mj∑
n=1

rmnrnm

)
, (14)

E{|fHj,k fj,k |} = βk
Mj∑
m=1

|rmm|, (15)

E{|fHj,k fj,i|
2
} = βkβi

Mj∑
m=1

Mj∑
n=1

|rmn|2. (16)

Moreover, the last term in (13) is the most challenging to
derive due to the introduction of channel correlation. Assume

that K � 1 and thus FFH
≈ E{FFH

} =

K∑
i=1
βiR [9]. Then

E{fH1,kRnq f1,k} ≈ αρE
{
fH1,kdiag

(
pu

K∑
i=1

βiR+ σ 2IM

)
f1,k

}
(ς )
= αρE

{
fH1,k

(
pu

K∑
i=1

βi + σ
2
)
f1,k

}

= αρ

(
pu

K∑
i=1

βi + σ
2
)
E{fH1,k f1,k}

= αρβk

(
pu

K∑
i=1

βi + σ
2
) M1∑
m=1

|rmm|, (17)

where (ς ) is obtained by assuming [R]mm = 1 for
∀m = 1, ...,M [31]. By substituting the above equalities into
(9), the result in (11) can be directly obtained. �

In order to facilitate a comprehensive understanding of
Theorem 1, some system parameters with special values are
provided to analyze uplink achievable rate performance,
such as user transmit power, spatial correlation coefficient,
the number of BS antennas and quantized bits of low-
resolution ADC. Then, the uplink achievable rate can be
further analyzed as follows.
Remark 1: Fixed M , η and b, when pu → ∞, (11) can be

further reduced to

RMRC
P,k → log2

(
1+

βk (ξ0 + 2αψ0ψ1 + α
2ξ1)

υ
K∑

i=1,i6=k
βi + α(1− α)ψ1

K∑
i=1
βi

)
,

(18)

which approaches a constant. Further, it depends on the
quantization bit and spatial correlation coefficient when the
user transmit power pu → ∞. Meanwhile, it can be con-
cluded from (18) that the achievable rate of uplink massive
MIMO cannot be improved indefinitely as the average trans-
mit power of the user gradually increases.
Remark 2: Since the achievable rate in (11) includes the

Rayleigh fading channel part as a special case. Under the
uncorrelated massive MIMO chanel ( for the spatial correla-
tion coefficient η = 0 ) for fixedM , pu and b, the asymptotic
achievable rate result in (11) can be further reduced to (19),
as shown at the bottom of this page.

Comparing (19) and (11), it can be found that the original
spatial correlated channels model degenerates to the general
Rayleigh fading channel model when η = 0. Moreover,
the results of achievable rate in (19) are consistent with the
previous results in [18, eq. (15)].

B. IMPERFECT CSI
For a massive MIMO systems, it is generally difficult to
obtain accurate CSI at BS. Thus, for the most general cases

RMRC
P,k → log2

(
1+

puβk ((M2
0 +M0)+ 2αM0M1 + α

2(M2
1 +M1))

pu(M0 + α2M1)
K∑

i=1,i 6=k
βi + σ 2(M0 + α2M1)+ α(1− α)M1(pu

K∑
i=1
βi + σ 2)

)
. (19)
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of imperfect CSI, we consider a widely used channel model:
F = F̂ + 1F, where F̂ ∼ CN (0, (1 − δ2e )IM ) is the
channel estimation obtained from uplink training, 1F ∼
CN (0, δ2e IM ) is the CSI error, and δ2e represents the power
of CSI error [17]. Furthermore, F̂ and 1F are assumed to
be independent.3 Therefore, the obtained estimated CSI after
MRC is given by r = F̂Hy. Then, the output signal for the kth
user under imperfect CSI can be expressed as

r̂k =
√
pu(f̂H0,k f̂0,k + αf̂

H
1,k f̂1,k )x̂k + (f̂H0,kn0 + αf̂

H
1,kn1)

+
√
pu

K∑
i=1,i 6=k

(f̂H0,k f̂0,i + αf̂
H
1,k f̂1,i)x̂i

+
√
pu

K∑
i=1

(f̂H0,k1f0,i + αf̂H1,k1f1,i)x̂i + f̂H1,knq, (20)

where f̂0,k and f̂1,k are the kth column of F̂0 and F̂1, respec-
tively. More specifically, the channel estimate is considered
as a real channel at BS, which the last four terms of (20) as
interference, noise and CSI error terms when decoding the
signal.

According to (20), the ergodic achievable rate of the kth
user under imperfect CSI can be expressed as

RMRC
IP,k = E

{
log2

(
1+

pu|f̂H0,k f̂0,k + αf̂
H
1,k f̂1,k |

2

82

)}
, (21)

where

82 = pu
K∑

i=1,i 6=k

|f̂H0,k f̂0,i + αf̂
H
1,k f̂1,i|

2
+ |f̂H0,kn0 + αf̂

H
1,kn1|

2

+ pu
K∑
i=1

|f̂H0,k1f0,i + αf̂H1,k1f1,i|2

+αρ f̂H1,kdiag((̂F1 +1F1)(̂F1 +1F1)H + σ 2IM1 )f̂1,k .

(22)

Following the same derivations as in Section II − A for
the case of imperfect CSI, a tight form approximate expres-
sion of achievable rate can be obtained in the following
Theorem 2.
Theorem 2: For a multi-user massive MIMO system with

mxied-ADC using spatially correlated channels with imper-
fect CSI. The achievable rate of the kth user can be approxi-
mated by (23), as shown at the top of next page.
Proof: For the number of BS antennas M is very large but

finite, by following the same method in Section II − A to
approximate (21) as

RMRC
IP,k ≈ log2

(
1+

puE{|f̂H0,k f̂0,k + αf̂
H
1,k f̂1,k |

2
}

E{82}

)
, (24)

3The channel estimation scheme for ADCs in massive MIMO can be
found in [6], [17], and [21].

where

E{82} = pu
K∑

i=1,i 6=k

E{|f̂H0,k f̂0,i + αf̂
H
1,k f̂1,i|

2
}

+ pu
K∑
i=1

E{|f̂H0,k1f0,i + αf̂H1,k1f1,i|2}

+E{|f̂H0,kn0 + αf̂
H
1,kn1|

2
} + E{f̂H1,kRnq f̂1,k}. (25)

The expected value of each term in (24) can be directly
calculated, and the calculation results are as follows:

E{|f̂Hj,k f̂j,k |
2
} = (1− δ2e )

2β2k

( Mj∑
m=1

Mj∑
n=1

(|rmn|2 + rmmrnn)

+

Mj∑
m 6=n

Mj∑
n=1

rmnrnm

)
, (26)

E{|f̂Hj,k f̂j,k |} = (1− δ2e )βk

Mj∑
m=1

|rmm|, (27)

E{|f̂Hj,k f̂j,i|
2
} = (1− δ2e )

2βkβi

Mj∑
m=1

Mj∑
n=1

|rmn|2, (28)

E{|f̂Hj,k1fj,i|2} = δ2e (1− δ
2
e )βkβi

Mj∑
m=1

Mj∑
n=1

|rmn|2. (29)

Following a similar method in [9], assume that K � 1 and

then FFH
≈ E{FFH

} =

K∑
i=1
βiR, the expectation of the last

term in the (25) can be directly derived as

E{f̂H1,kRnq f̂1,k} ≈ αρE
{
f̂H1,kdiag

(
pu

K∑
i=1

βiR+ σ 2IM

)
f̂1,k

}
(%)
= αρE

{
f̂H1,k

(
pu

K∑
i=1

βi + σ
2
)
f̂1,k

}

= αρ

(
pu

K∑
i=1

βi + σ
2
)
E{f̂H1,k f̂1,k}

= αρβk (1− δ2e )
(
pu

K∑
i=1

βi + σ
2
) M1∑
m=1

|rmm|,

(30)

where (%) is obtained by assuming [R]mm = 1 for
∀m = 1, ...,M [31]. By substituting the above equalities
into (21), the result in (23) can be directly obtained. �
In order to facilitate a comprehensive understanding of

Theorem 2, the impact of CSI error, the number of BS antenna
and spatial correlation coefficient on the uplink achievable
rate are analyzed. By simple numerical setting of the above
system parameters, the uplink achievable rate can be further
analyzed as follows.
Remark 3: For a quantized mixed-ADC massive MIMO

system with imperfect CSI over spatially correlated channel.
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RMRC
IP,k ≈ log2

(
1+

puβk (ϑ0 + 2αϕ0ϕ1 + α2ϑ1)

puλ
K∑

i=1,i 6=k
βi + puφ

K∑
i=1
βi + σ 2(ϕ0 + αϕ1)+ α(1− α)puϕ1

K∑
i=1
βi

)
,

where

ϕj = (1− δ2e )(
Mj∑
m=1

|rmm|), ϑj = (1− δ2e )
2(

Mj∑
m=1

Mj∑
n=1

(|rmn|2 + rmmrnn)+
Mj∑
m6=n

Mj∑
n=1

rmnrnm), j = 0, 1,

λ = (1− δ2e )
2(

M0∑
m=1

M0∑
n=1

|rmn|2 + α2
M1∑
m=1

M1∑
n=1

|rmn|2), φ = δ2e (1− δ
2
e )(

M0∑
m=1

M0∑
n=1

|rmn|2 + α2
M1∑
m=1

M1∑
n=1

|rmn|2). (23)

RMRC
IP,k → log2

(
1+

(1− δ2e )puαβk (M + 1)

(1− δ2e )puα
K∑

i=1,i 6=k
βi + δ2epuα

K∑
i=1
βi + σ 2 + (1− α)pu

K∑
i=1
βi

)
. (31)

When the system with CSI error δ2e = 0, it can be found that
formula (23) and formula (11) are completely consistent by
simple derivation and calculation. Therefore, it is obvious that
the formula (11) is a special case for imperfect CSI.
Remark 4: If only low resolution ADC and no spatial

correlation are considered at BS, i.e., M0 = 0, M1 = M
and R = IM . Then, the asymptotic achievable rate result in
(23) can be further reduced to (31), as shown at the top of this
page.

The formula (31) coincides with [16, eq. (12)] under the
assumption of M � 1, K � 1, σ 2

= 1 and δ2e = 0.
Therefore, such an approximation process is completely rea-
sonable. And the analysis process for a full resolution ADC
is completely similar to this case.

C. EXTENSIONS TO ACHIEVABLE RATE OF WHOLE SYSTEM
In Section II − A and Section II − B, we have studied the
achievable rate of a single user. It is possible to calculate the
achievable rate of any user in the system by considering the
perfect and imperfect CSI, respectively. Since the expected
value of each user’s achievable rate is equal, the expectation
of the kth user achievable rate is selected, and then the
optimizing sum-rate is obtained by adjusting the structure
of ADCs (e.g., adjust the quantization precision of low-
resolution ADCs or adjust the ratio between high-resolution
ADCs and low-resolution ADCs). Thus, the optimizing sum-
rate of whole system are as shown follow:

arg max
ADCs

min
k

E{R�,k}, (32)

where � ∈ {P, IP} and R�,k denotes the achievable rate of
user k . Moreover, obtaining the optimal achievable rate is
a trade-off process, and the energy efficiency is gradually
reduced as the achievable rate increases.

IV. NUMERICAL RESULTS
In this section, we provide Monte Carlo simulation and
approximated analytical results on the uplink sum achievable

rate of mixed-ADC massive MIMO systems. The impact of
spatial correlation on the rate loss caused bymixed-resolution
ADC is considered. By following a similar analysis in [6],
the large-scale fading is modeled via βk = zk/(dk/rd )−v,
where v = 3.8 is the path loss exponent, dk is the user
randomly and uniformly distributed in a cell with radius
of 1000 meters, rd is the minimum distance between the user
and the BS of 100 meters and zk is a log-normal random
variable with standard deviation σshad = 4.9 dB. Since
the large-scale fading coefficient of the user is randomly
generated, in order to facilitate the simulation work, a set
of data is selected from it as follows: {13.13, 6.49, 11.01,
4.87, 29.00, 8.69, 50.02, 96.00, 1.24, 41.04} × 10−4 [18].
To help the analysis, we set K = 10 and σ 2

= 1.5 dB for all
simulations.

In Fig. 1, the first to consider are systems where set
M0 = 28, M1 = 100, δ2e = 0.1 and b = 2. The Monte Carlo
simulation and the analytical uplink achievable rate versus

FIGURE 1. The sum achievable rate with perfect and imperfect CSI versus
user transmit power for different correlation coefficients η where K = 10,
M0 = 28, M1 = 100, δ2e = 0.1, b = 2.
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user transmit power pu are compared for different spatial
correlations coefficient η with perfect and imperfect CSI.
Both the Monte Carlo simulation and the analytical values
are provided ((9) and (11) for achievable rate with perfect
CSI, (21) and (23) for achievable rate with imperfect CSI).
Fig. 1 shows that the analytical and simulated curves are very
tight in all considered cases, which confirms the correctness
of our derived results. Moreover, it can be seen that the
achievable rate of different spatial correlation coefficients
under perfect and imperfect CSI are almost the samewhen the
user transmit power is less than 5 dB. With the user transmit
power increasing, the achievable rates with perfect CSI cases
are generally larger than with imperfect CSI cases. While
in the same CSI condition, the case of achievable rate with
smaller spatial correlation coefficient is relatively higher.

FIGURE 2. The sum achievable rate with perfect CSI versus correlation
coefficients η for different ADC quantization bit where K = 10, M0 = 28,
M1 = 100, pu = 15 dB, b = 2.

Next, the effect of spatial correlation coefficients for
achievable rate performance are discussed in massive MIMO
systems. Fig. 2 shows the Monte Carlo simulation and
approximate achievable rate versus correlation coefficient for
different ADC quantization bits with perfect CSI on spatially
correlated channels. Obviously, it can be observed that the
overall achievable rate of all cases decreases significantly as
the spatial correlation coefficient increases. However, with
the spatial correlation coefficient increasing, the achievable
rate of ADCs with high quantized bits are still larger than
ADCs with low quantized bits (e.g., 1-bit ). From this, it obvi-
ous that the magnitude of the spatial correlation coefficient
value has a large impact on the achievable rate of ADCs with
different quantization bits.

Here, we use the same system parameter settings as in
Figure 2, and further analyze the effect of ADC quantized bits
on the uplink achievable rate under different spatial correla-
tion coefficients. Fig. 3 presents the Monte Carlo simulated
and approximated result of the achievable rate with perfect
CSI. Obviously, it can be seen from the figure that all curves
have similar trends. Meanwhile, it can be observed that the
trends of achievable rate growth are relatively larger in all

FIGURE 3. The sum achievable rate with perfect CSI versus different ADC
quantization bits for different spatially correlation coefficients η where
K = 10, pu = 15 dB,M0 = 28,M1 = 100.

cases when ADCs have very few quantized bits (e.g., b < 3).
However, the achievable rate grows slowly and gradually
reaches the limit with increasing b. Therefore, it can be known
that the achievable rate of all spatial correlation coefficient
cases are more sensitive when the number of ADCs quan-
tization bits are small. Moreover, the achievable rate with a
smaller spatial correlation coefficient case always relatively
larger.

In Fig. 4, systems with CSI error are considered while
comparing the case of perfect CSI and imperfect CSI. Here,
it shows the achievable rate for three CSI case: perfect CSI,
δ2e = 0.01 and δ2e = 0.1, where the BS receiving antenna
are selected to two groups: (1) M0 = 28,M1 = 100;
(2) M0 = 50,M1 = 150. As expected, the approximate
analysis results obtained by analyzing expression (23) tightly
match the three constant curves of theMonte Carlo simulation
results. Each point on the curve is obtained by increasing
the user transmit power to maximize the achievable rate.
Obviously, the achievable rate gradually improve as the user
transmit power increases, and this improvement becomes

FIGURE 4. The sum achievable rate of mixed-ADC massive MIMO systems
over spatially correlated channels versus user transmit power for
different CSI error where K = 10, η = 0.7, b = 2.
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more significant by increasing M , which is consistent
with our analysis. Moreover, with the CSI error decreas-
ing, the performance of the imperfect CSI case gradually
approaches to the perfect CSI case.

Next, assume that only pure low-precision ADC and
BS antenna spatial uncorrelation are considered. In Fig. 5,
it presents the achievable rate various BS antennas of low-
resolution ADCmassive MIMO systems with imperfect CSI.
Here, the three ADC quantization cases of the asymptotic
results in (31) are considered in Fig. 5, i.e., b = 1, 2,∞. It can
be found that the curves of the three cases of approximation
analysis and Monte Carlo simulation are very tight and have
similar growth trends. The achievable rate of all cases of low-
resolution ADCs improves with the number of BS antennas
increasing.Moreover, the achievable rate becomes larger with
the ADC quantization bits.

FIGURE 5. The sum achievable rate with imperfect CSI versus BS
antennas for different ADC quantization bit where M0 = 0,M1 = M,
pu = 15 dB, K = 10, δ2e = 0.1.

Next, we evaluate the performance of the proposed spa-
tially correlated channel in a multiuser uplink systems.
Fig. 6 illustrates the Monte Carlo simulation and approxi-
mate sum achievable rate versus user transmit power with
perfect CSI. In particular, we include three channel case

FIGURE 6. The sum achievable rate with perfect CSI versus user transmit
power for different channel condition where K = 10, M0 = 28, M1 = 100,
b = 2.

for comparison: 1) Reyleigh channel case in [18], 2) Rician
channel case in [19], and 3) spatially correlated channel case
in this paper. From fig. 6, it can be seen that as the user
transmit power increases, the overall achievable rate for all
cases has a similar growth trend. It is clear that the achievable
rate performance of the Rician channel case is the best,
while the Rayleigh channel case performance is between the
Rician channel case and the spatially correlated channel case.
However, it is worth noting that the curve of the Rayleigh
channel case completely coincides with the spatial correlation
channel case of η = 0, which indicates that the spatial
correlation channel has degraded to the original Rayleigh
channel in the case of η = 0.

Based on the mixed-ADC massive MIMO system archi-
tecture, it is assumed that the energy consumption in massive
MIMO systems originates entirely from base stations rather
than the users. Then, the received energy efficiency is defined
as [23]

2EE
1
=
B · Rsum
PTot

, (33)

where Rsum denotes the sum achievable rate, and B denotes
the communication bandwidth which is set to 1 MHz. PTot is
the total power consumption of the BS. The energy consump-
tion models include Phigh = 0.43M0 Watt for high-resolution
ADCs and Plow = c02bM1 + c1 for low-resolution ADCs,
where c0 = 10−4 Watt and c1 = 0.02 Watt [18], [37], while
b is ADCs quantization bits. Thus, the energy consumption
models can be expressed as

PTot = Phigh + Plow. (34)

Fig. 7 presents the energy efficiency of mixed-ADC mas-
sive MIMO systems with perfect and imperfect CSI for dif-
ferent ADCs quantization bits. As the number of quantization
bits increases, it can be seen that the energy efficiency curves
of different spatial correlation coefficients have a tendency
to rise first but then decrease. This shows that the energy
efficiency curves of the three different correlation coefficients

FIGURE 7. The energy efficiency of mixed-ADC massive MIMO systems
with perfect and imperfect CSI for different ADC quantization bits where
M0 = 28, M1 = 100, K = 10, pu = 15 dB, δ2e = 0.01.
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have peaks, but the ADC quantization bits are not as large
as possible. Moreover, the curve with a larger correlation
coefficient is less energy efficient when the number of quan-
tized bits increases. It implies that the performance of the
system with spatial correlation is significantly worse than
ideal system. Through the above analysis, it can be concluded
that a massive MIMO system with a large number of antenna
arrays cannot ignore the spatial correlation between adjacent
antennas.

FIGURE 8. The trade-off between achievable rate and power
consumption of mixed-ADC massive MIMO systems with perfect
CSI for different number of BS antennas where K = 10, pu = 15 dB.

To comprehensively analyze massive MIMO systems,
Figure 8-10 show the trade-off curves for achievable rate
and energy efficiency. In Fig. 8, the trade-off between power
consumption and achievable rate for mixed-ADC system
with different antenna configurations is shown. Here, only
considering the case of two spatial correlation coefficients,
it is clear that the power consumption required for a pure
low-resolution ADC structure is significantly lower than a
mixed-resolution ADC structure. Moreover, as the number of
quantization bits varies from 1 to 10, the achievable rate has
significant improvement but power consumption is also grad-
ually increasing. In addition, it can be seen that the growth
trend of curves with different spatial correlation coefficients
are almost similar. However, by comparing the curves of
the two spatial correlation coefficients, it can be seen that
the curve with the spatial correlation coefficient η = 0
contains a region area significantly larger than η = 0.7.
Therefore, it can be concluded that a case with smaller spatial
correlation coefficient at the same power consumption has
better performance.

In Fig. 9, the trade-off between achievable rate and energy
efficiency of mixed-ADC architecture is shown with differ-
ent spatial correlated coefficient. Here, the curves of three
different ADCs architecture for analysis are presented. It can
be seen that slightly increasing in achievable rate can result
in lager decreasing in energy efficiency, especially when the
achievable rate is near its end. Moreover, it is obvious that
a pure low-resolution ADC architecture has higher energy
efficiency than a mixed-resolution ADC architecture when

the number of quantization bits is small. As expected, in the
case of the same energy efficiency, the case of the spatial
correlation coefficient η = 0 has higher achievable rate. It is
obvious that the system can obtain a better achievable rate
and a relatively high energy efficiency by properly deploying
the structure of the mixed-ADC and selecting a certain spatial
correlation coefficient.

FIGURE 9. The trade-off between achievable rate and energy efficiency of
mixed-ADC massive MIMO systems with perfect CSI for different number
of BS antennas where K = 10, pu = 15 dB.

Finally, the performance of the achievable rate and energy
efficiency are analyzed by considering the case with CSI
errors. In Fig. 10, it shows that the trade-off between achiev-
able rate and energy efficiency of mixed-ADC systems with
perfect and imperfect CSI over spatially correlated channel.
In order to facilitate the analysis, two CSI cases are con-
sidered, i.e. perfect CSI and δ2e = 0.1 where pu = 15dB,
η = 0.7, (1) M0 = 8,M1 = 120, (2) M0 = 18,M1 = 110
and (3) M0 = 0,M1 = 128 . From the figure, it can be seen
that the performance of perfect CSI case is significantly better
than the imperfect CSI case. This means that the channel
estimation error has a certain impact on system performance
in mixed-ADC massive MIMO systems.

FIGURE 10. The trade-off between achievable rate and energy efficiency
of mixed-ADC massive MIMO systems with perfect and imperfect CSI for
different number of BS antennas where K = 10, pu = 15 dB and η = 0.7.
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V. CONCLUSION
In this paper, the performance of mixed-ADCmassiveMIMO
systems over spatially correlated channels is investigated.
Closed-form approximate expressions for the achievable
rate are derived under perfect and imperfect CSI, respec-
tively. From the simulation results, it can be found that
the achievable rate of mixed-ADC structure will be much
better than the uniform ADC case over spatially correlated
channels. Moreover, it can be seen that the achievable rate
of different spatial correlation coefficients is almost the
same when the user power is less than 5dB. In addition,
the achievable rate increases with the number of BS antennas,
quantization ADC bits and user transmit power increasing,
respectively. On the similar hardware condition, the achiev-
able rate decrease as the spatially correlation coefficient
increase. Further, numerical results show that the mixed-
ADC architecture can bring most of the required performance
enjoyed by massive MIMO receivers, but the spatial correla-
tion among large-scale antennas in massive MIMO systems
cannot be neglected. Therefore, in the implementation of
massive MIMO, we can obtain a better achievable rate and
a relatively high energy efficiency by properly deploying
the mixed-ADC structure and selecting a certain spatial
correlation coefficient.
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