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Performance Analysis of Mixed-ADC Massive
MIMO Systems Over Rician Fading Channels
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Abstract— The practical deployment of massive multiple-input
multiple-output (MIMO) in the future fifth generation (5G)
wireless communication systems is challenging due to its highhardware cost and power consumption. One promising solution
to address this challenge is to adopt the low-resolution analogto-digital converter (ADC) architecture. However, the practical
implementation of such architecture is challenging due to the
required complex signal processing to compensate the coarse
quantization caused by low-resolution ADCs. Therefore, few
high-resolution ADCs are reserved in the recently proposed
mixed-ADC architecture to enable low-complexity transceiver
algorithms. In contrast to previous works over Rayleigh fading
channels, we investigate the performance of mixed-ADC massive
MIMO systems over the Rician fading channel, which is more
general for the 5G scenarios like Internet of Things. Specially,
novel closed-form approximate expressions for the uplink achievable rate are derived for both cases of perfect and imperfect
channel state information (CSI). With the increasing Rician
K -factor, the derived results show that the achievable rate will
converge to a fixed value. We also obtain the power-scaling
law that the transmit power of each user can be scaled down
proportionally to the inverse of the number of base station (BS)
antennas for both perfect and imperfect CSI. Moreover, we reveal
the tradeoff between the achievable rate and the energy efficiency
with respect to key system parameters, including the quantization
bits, number of BS antennas, Rician K -factor, user transmit
power, and CSI quality. Finally, numerical results are provided
to show that the mixed-ADC architecture can achieve a better
energy-rate tradeoff compared with the ideal infinite-resolution
and low-resolution ADC architectures.
Index Terms— Achievable rate, mixed-ADC receiver, massive
MIMO, Rician fading channels.

I. I NTRODUCTION

T

HE research on the fifth generation (5G) wireless communication systems has been undertaken in recent years
to meet the demanding requirement of around 1000 times
data traffic (e.g., see [1]–[3] and references therein). Massive
multiple-input multiple-output (MIMO) has emerged as one of

Manuscript received December 15, 2016; revised March 09, 2017; accepted
March 09, 2017. Date of publication March 24, 2017; date of current
version June 1, 2017. This work was supported in part by the National
Natural Science Foundation of China under Grant 61601020, Grant 61371068,
and Grant 61571270 and in part by the Fundamental Research Funds for
the Central Universities under Grant 2016RC013 and Grant 2016JBZ003.
(Corresponding Author: Linglong Dai.)
J. Zhang and X. Li are with the School of Electronic and Information
Engineering, Beijing Jiaotong University, Beijing 100044, China (e-mail:
jiayizhang@bjtu.edu.cn).
L. Dai and Z. He are with the Department of Electronic Engineering,
Tsinghua University, Beijing 100084, China (e-mail: daill@tsinghua.edu.cn).
S. Jin is with the National Mobile Communications Research Laboratory,
Southeast University, Nanjing 210096, China (e-mail: jinshi@seu.edu.cn).
Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/JSAC.2017.2687278

the most promising technologies to further improve the achievable rate and energy efficiency by ten times. By using hundreds
or even thousands of antennas at the base station (BS),
the inter-user interference in massive MIMO systems can
be substantially reduced by simple signal processing such
as maximum-ratio combining (MRC) and zero-forcing (ZF)
schemes.
For practical implementation of massive MIMO, a large
number of antennas significantly complicate the hardware
design. It is difficult to use a dedicated radio frequency (RF)
chain for every antenna, since the associated hardware cost
and power consumption is unaffordable when the number
of BS antennas becomes very large. Several massive MIMO
architectures have been proposed to address this challenging
problem. The first one is the hybrid analog and digital precoding scheme, which uses different analog approaches like
phase shifters [4], switches [5] or lenses [6] to substantially
reduce the number of RF chains. However, the performance of
such hybrid precoding system highly depends on the accurate
control of the analog components. Moreover, if the beamwidth
is small, the fast acquisition and alignment of the optimal beam
in millimeter wave channels is challenging [7].
On a parallel avenue, the high-resolution ADC (e.g., more
than 10-12 bits for commercial use) in the RF chain is a powerhungry device, especially when large signal bandwidth is considered. This is due to the factor that the power consumption
of a typical ADC roughly scales linearly with the signal bandwidth and exponentially with the quantization bit. Moreover, a
large demand on digital signal processing with high-resolution
ADCs will induce excessive circuitry power consumption
and hardware cost. Therefore, an alternative massive MIMO
architecture at the receiver is to reduce the high resolution
(e.g., 10-12 bits) of the ADCs to low resolution (e.g., 1-3 bits)
while keeping the number of RF chains unchanged. However,
the severe nonlinear distortion caused by low-resolution ADCs
inevitably causes several problems, including capacity loss at
high SNR [8], [9], high pilot overhead for channel estimation [10], [11], error floor for multi-user detection [12]–[14],
and complex precoder design [15]–[17].
A. Related Works
In order to alleviate aforementioned concerns, a mixed-ADC
architecture for massive MIMO systems has been recently
proposed in [18], where a small number of high-resolution
ADCs are employed, while the other RF chains are composed of one-bit ADCs. This architecture has the potential of
designing practical massive MIMO systems while still maintaining a large fraction of the performance gain. For example,
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the reserved high-resolution ADCs can be utilized to realize accurate channel estimation in a round-robin manner
with reduced-complexity algorithm and affordable pilot overhead [18]. Furthermore, the deduced channel estimation error
is Gaussian distributed, which facilitates the performance
analysis and front-end designs of massive MIMO systems.
While there have been considerable works on homogeneousADC architectures with low ADC resolutions, very little
attention has been paid to the promising mixed-ADC massive MIMO system. Only the analysis of generalized mutual
information has been emphasized in [18] to demonstrate
that the mixed-ADC architecture is able to achieve a large
fraction of the channel capacity of ideal ADC architectures
over frequency-flat channels. This analysis is then extended to
frequency-selective fading channels [19]. In [20], a generic
Bayes detector is proposed to achieve the optimal signal
detection in the mean squared error (MSE) sense by using
the generalized approximate message passing algorithm. The
authors in [21] derived a closed-form approximation of the
achievable rate of mixed-ADC massive MIMO systems with
the MRC detector. These pioneer works validate the merits of
the mixed-ADC architecture for massive MIMO systems.
The common assumption of the aforementioned works is
that massive MIMO systems are operating over Rayleigh
fading channels. However, Rician fading, which includes the
scenario of line-of-sight (LoS) signal propagation, is more
general and realistic than Rayleigh fading. Moreover, recent
works reveal that LoS (or near-LoS) signal propagation is
mostly relied on in massive MIMO [22]–[24] or millimeterwave communications [6], [25], [26]. Unfortunately, a Rician
model makes the analysis of massive MIMO systems more
complicated, as the extension of current results in Rayleigh
fading channels [21] to those in Rician fading channels is
not easy. This is mainly because of the inherent difficulty in
deriving the simple and mathematically tractable expressions
for Rician fading channels. Moreover, channel estimation in
massive MIMO is a challenging problem. An erroneous channel estimation may occur due to large number of estimation
parameters, rapid time-varying channel fading, and imperfect
feedback signaling. Therefore, the issue of imperfect channel
state information (CSI) should also be taken into account in the
performance analysis of mixed-ADC massive MIMO systems
operating over Rician fading channels.
B. Contributions
This study aims to examine the mixed-ADC massive
MIMO system in terms of achievable rate and energy efficiency. Different from most of the existing works in the
literature, we model the mixed-ADC massive MIMO links as
more general Rician fading channels for performance analysis.
We demonstrate that the mixed-ADC architecture is practically
useful because it can provide comparable performance with
the ideal infinite-resolution ADC architecture, while the signal
processing complexity and power consumption can be reduced
at the same time. More specifically, the contributions of this
work are summarized as follows:
• With the assumption of Rician fading channels, novel
closed-form approximate expressions for the achievable

•

•

rate of mixed-ADC massive MIMO systems are derived.
These results reveal the effects of the number of
BS antennas, user transmit power, quantization bits, number of high-resolution ADCs, and Rician K -factor on
the achievable rate performance. Note that our derived
results are generalized, and can include many previously
published works [9], [21], [22], [27], [28] as special cases
by adjusting system parameters accordingly.
The power-scaling law of the mixed-ADC architecture
under Rician fading channels is elaborated for both
perfect and imperfect CSI cases. Our results show that
when the number of BS antennas, M, gets asymptotically
large, the transmit power of each user can be scaled
down by 1/M to obtain a desirable rate for both perfect and imperfect CSI cases, if the Rician K -factor is
nonzero. This new finding is different from the result
in Rayleigh fading channels [21], [27], [28]. In contrast
to [9], we focus on the mixed-ADC architecture and prove
that the derived rate limits depend on the proportion of
the high-resolution ADCs κ and the total number of lowand high-resolution ADCs.
By adopting a generic power consumption model for
the mixed-ADC architecture, we quantify the trade-off
between the achievable rate and energy efficiency for
different number of high-resolution ADCs and quantization bits. The optimal number of quantization bits and
BS antennas needed to maximize the energy efficiency
are illustrated. We further prove that the mixed-ADC
architecture can work better under stronger Rician fading
channels and larger user transmit power.

C. Outline
The rest of this paper is organized as follows. The system
model is briefly introduced in Section II. Then, the close-form
approximate expressions for uplink achievable rate of mixedADC architectures are derived in Section III. The powerscaling laws for both perfect and imperfect CSI cases are
also derived in Section III. In Section IV, we study the
energy efficiency under a practical power consumption model.
Moreover, numerical evaluations are provided in Section IV to
illustrate the achievable rate and energy efficiency performance
of the mixed-ADC architecture with respect to various system
parameters. Finally, conclusions are drawn in Section V.
D. Notation
In this paper, we use x and X in bold typeface to represent
vectors and matrices, respectively, while scalars are presented
in normal typeface, such as x. We use XT and X H to
represent the transpose and conjugate transpose of a matrix X,
respectively. I N stands for an N × N identity matrix, and X F
denotes the Frobenius norm of a matrix X. Moreover, E{·} is
the expectation operator, and x ∼ CN (m, σ 2 I) denotes that
x is a circularly symmetric complex Gaussian stochastic vector
with mean matrix m and covariance matrix σ 2 I.
II. S YSTEM M ODEL
In this paper, we consider a uplink single-cell massive
MIMO system with M antennas at the BS and N (N  M)
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where Hω ∼ CN (0, I N ), and H̄ with an arbitrary rank can be
expressed as [22]
 
= exp (− j (m − 1) kd sin θn ) ,
(3)
H̄
mn

Fig. 1. System model of mixed-ADC massive MIMO receivers with M0 pairs
of high-resolution ADCs and M1 pairs of low-resolution ADCs. The number
of receive antennas is M, and M = M0 + M1 .

single-antenna users [1]–[3]. Since the hardware cost and
energy consumption scale linearly with the number of BS
antennas, a mixed-ADC architecture as illustrated in Fig. 1 is
employed at the BS instead of costly high-resolution ADCs.
Note that the transmit antenna of each user is connected with
high-resolution digital-to-analog converters (DACs). In the
mixed-ADC architecture, M0 pairs of high-resolution ADCs
(e.g., 10-12 bits) are connected to M0 BS antennas, while
all other M1 pairs of low-resolution ADCs (e.g., 1-3 bits)
are connected to the remained M1 BS antennas. Note that


M1 = M − M0 , and we define κ = M0 M (0 ≤ κ ≤ 1)
as the proportion of the high-resolution ADCs in the mixedADC architecture.
As illustrated in Fig. 1, the power consumption of the
receiver is induced by the RF chain and the baseband processor. The local oscilator (LO), which is used with a mixer to
change the frequency of a signal, is shared by all RF chains.
Moreover, each RF chain is composed of a low-noise amplifier
(LNA), a π/2 hybrid and the LO buffer. The in-phase and
quadrature circuit consist of a mixer including a quadraturehybrid coupler, an ADC, and an automatic gain control (AGC),
respectively, Note that the AGC is used to amplify the received
signal to use the full dynamic range of the ADC. The use of
one-bit ADCs can simplify the RF chain, e.g., an AGC is not
necessary because only the sign of the input signal is output.
Let us consider the channel between each transmit-receive
antenna pair as a block-fading channel, i.e., a channel that
stays unchanged for several channel uses, and changes independently from block to block [27]. In addition, G is the
M × N channel matrix between the M-antenna BS and the
N single-antenna users, which can be modeled as [22]
G = HD1/ 2 ,

(1)

denotes the large-scale
where the diagonal matrix D ∈
channel fading (geometric attenuation and log-normal shadow
fading) with the diagonal elements βn ’s given by [D]nn =
βn , (n = 1, · · · , N) and H ∈ C M×N presents the small-scale
fading channel matrix. In contrast to [21], we consider Rician
fading channels, which includes a deterministic component H̄
corresponding to the LoS signal and a Rayleigh-distribution
random component Hω accounting for the scattered signals
as [9]


(2)
H = H̄ ( + I N )−1 + Hω ( + I N )−1 ,

where θn denotes the arrival of angle (AoA) of the nth user,
k = 2πd/λ with λ being the wavelength and d being the
inter-antenna space. In addition, the elements of the diagonal
matrix
is the Rician K -factor K n , which denotes the ratio
of the power of the deterministic component to the power of
the scattered components.
We define G0 as the M0 × N channel matrix from the
N users to the M0 BS antennas connected with high-resolution
ADCs, and G1 as the M1 × N channel matrix from the N users
to the M1 BS antennas connected with low-resolution ADCs.
Therefore, we have


G0
G=
.
(4)
G1
Let pu be the transmit power of each user and x ∈ C N×1 be
the transmit vector for all N users. The received signals at the
2M0 high-resolution ADCs can be written as
√
(5)
y0 = pu G0 x + n 0 ,
where pu is the transmit power of each user, x ∈ C N×1
is the transmitted
signal vector for all N users, and

n0 ∼ CN 0, I M0 denotes the additive white Gaussian noise
(AWGN) matrix with independent and identically distributed
(i.i.d.) components following the distribution CN (0, 1). We
further follow the general assumption that the transmitted
signal vector x is Gaussian distributed, the quantization noise
is the worst case of Gaussian distributed, and the quantization
error of low-resolution ADCs can be well approximated as
a linear gain with the additive quantization noise model
(AQNM) [29]. Note that the AQNM model is accurate enough
at low and medium SNRs, which has been widely used in
quantized MIMO systems [9], [28]–[31]. Thus, the quantized
received signals at the output of 2M1 low-resolution ADCs
can be expressed as

y1 = Q ỹ1 ≈ α ỹ1 + nq
√
= pu αG1 x + αn1 + nq ,
(6)
√
where ỹ1 = pu G1 + n1 denotes the uplink received signal
vector at the 2M1 low-resolution ADCs, Q (·) is the scalar
quantization function which applies component-wise and separately to the real and imaginary parts, nq denotes the additive Gaussian quantization noise vector which is uncorrelated
with y1 , and α = 1 − ρ is a linear gain with [30, eq. (13)]

C N×N

ρ=

E ỹ1 − y1 2
E ỹ1 2

(7)

denoting the distortion factor of the low-resolution ADC. The
exact values of ρ have been given in Table I with respect
to different resolution b’s [32]. For large quantization bits
(e.g., b > 5), the distortion factor ρ can be approximated
as [32]
√
π 3 −2b
ρ≈
2 .
(8)
2
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TABLE I

where x n is the nth element of the signal vector x. For a fixed
channel realization G, the last three terms in (12) can be seen
as an interference-plus-noise random variable. By assuming
the interference-plus-noise follows Gaussian distribution and
is independent of x [22], [27], we can obtain a lower bound
of the achievable rate of the nth user as


 H
 
g gn0 + αg H gn1 2
p
u
n0
n1
MRC
= E log2 1 +
, (13)
RP,n

D ISTORTION FACTORS FOR D IFFERENT Q UANTIZATION B ITS [32]

From (6) and (7), the covariance matrix of nq is given by
Rnq = αρdiag pu G1 G1H + I M1 .

1

(9)

By considering (5) and (6), the overall received signal at the
BS can be expressed as
  

√
pu G0 x + n 0
y
y= 0 ≈ √
.
(10)
y1
pu αG1 x + αn1 + nq

where
1

= pu

i =n
H
+αρgn1
diag pu G1 G1H + I M1 gn1

= pu
In this section, we derive approximate closed-form expressions for the uplink achievable rate of mixed-ADC massive
MIMO systems. Both cases of perfect and imperfect CSI at
the BS receiver are considered. The MRC receiver is assumed
to be employed at the BS, as such receiver is simple and near
optimal when the number of BS antennas becomes large [27].
A. Perfect CSI
We first consider the case of perfect CSI at the BS.
By using (10), the detected signal vector after MRC is given
by
H 


√
pu G0 x + n 0
G
√
r =G H y = 0
,
G1
pu αG1 x + αn1 + nq
which can be further expressed as

√ 
r = pu G0H G0 + αG1H G1 x+ G0H n0 +αG1H n1 +G1H nq .
(11)
Let gn0 and gn1 be the nth column of G0 and G1 , respectively.
Then, the nth element of r in (11) can be written as
√
H
H
gn0 + αg n1
gn1 x n
rn = pu gn0



desired signal

√


pu

N






interuser interference
H
H
+ gn0
n0 + αgn1
n1 +



AWGN

MRC
RP,n

!
≈ log2 1+

g H nq
 n1
 

H
+αρ pu gn1
diag G1 G1H gn1 ,

,

quantization noise

(12)



j =
φni, j

2
K n K i φni,
j + M j (K n + K i + 1)

Ki + 1
kd
θn − sin θi )/2
sin
M
(sin
j

=
sin (kd (sin θn − sin θi )/2)
⎡




j = 0, 1,
j = 0, 1,

2 = M1 ⎣βn K n2 +4K n + 2 +(K n +1)2

N


(16)
(17)

⎤

βi ⎦. (18)

i =n

Proof: When M grows large, we employ [22, Lemma 1]
and approximate (13) as
⎛
 H
 ⎞
H g 2
pu E gn0
gn0 + αg n1
n1
MRC
⎠. (19)
≈ log2 ⎝1 +
RP,n
E { 1}
With the help of [22, Lemma 3], the expectations in (19) can
be derived as
2

(20)
= βn M j ,
!
"
2M j K n + M j
4
= βn2 M 2j +
E gn j
,
(K n + 1)2


#
2 + M (K + K )+ M
 $
K n K i φni,
j n
i
j
j
 H 2
2
. (21)
E gn j gi j  = βn
(K n +1) (K i +1)
gn j


%
&
"
pu βn (2K n +1) M0 + α 2 M1 +(K n +1)2 (M0 +αM1 )2
N

'
pu (K n +1)
βi 0 +α 2 1 +(K n +1)2 (M0 +αM1 )+αρ pu 2
i =n

(14)

where the covariance matrix of nq in (9) has been used.
For the case of perfect CSI at the BS, the approximate
achievable rate is derived in following Lemma 1.
Lemma 1: For mixed-ADC massive MIMO systems using
MRC receiver with perfect CSI over Rician fading channels,
the approximate achievable rate of the nth user is given
by (15), shown at the bottom of this page, where

E

H
H
gn0
gi0 + αgn1
gi1 x i

i =n

N 

2 



 H 2
 H 2
 H

H
gi1  + gn0
n0  + α gn1
n1 
gn0 gi0 + αgn1
i =n

III. ACHIEVABLE R ATE

+

N 
2 
2

 H


 H
H
H
gi1  + gn0
n0 + αg n1
n1 
gn0 gi0 + αgn1

(15)
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Moreover, considering (14), the last term in the denominator
of (19) is given by [9, eq. (15)]
K n2 + 4K n + 2
(K n + 1)2
N

+ βn M1
βi .
(22)

H
E gn1
diag G1 G1H gn1 = βn2 M1

i =n

Substituting (21) to (22) into (19), the proof can be concluded
after some simplifications.
For the case of perfect CSI at the BS with M → ∞, the
impact of the Rician K -factor K n , transmit power pu , largescale fading βn , and the proportion of mixed-resolution ADCs
MRC can be revealed in Lemma 1.
κ on the achievable rate RP,n
It is clear from (15) that the achievable rate increases by
using more BS antennas. We further show the relationship
between the achievable rate and key parameters by providing
the following important analysis.
Remark 1: The derived result in Lemma 1 is general.
It is interesting to note that if all users have infinite
Rician K -factors, the approximate uplink achievable rate (15)
approaches a constant value as
!
MRC
→ log2 1
RP,n
"
,

pu βn(M0 +αM1)2

+
pu

N
'
i =n

2 +α 2 φ 2
βi φni,0
ni,1 + M0 +αM1 +αρ pu M1

N
'

βi

i=1

(23)
which reveals that there is an achievable rate limit in strong
LoS scenarios. When α = 1, (23) reduces to the special
case of unquantized massive MIMO systems [22, eq. (44)].
In addition, (15) includes the achievable rate of Rayleigh
fading channels as a special case. More specifically, with
K n = K i = 0, (15) can be reduced to
⎛
⎞
MRC
RP,n

⎜
⎜
→ log2 ⎜1 + M
⎝

⎟
(α+ρκ) βn
⎟
⎟, (24)
N
⎠
'
2αρ(1−κ)
1
βi + α+ρκ βn
pu +
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systems with MRC receivers due to the channel hardening
effect [33]. In contrast to ideal ADCs, the proportion of
the high-resolution ADCs κ and the distortion factor of the
low-resolution ADC ρ have effects on the limit rate when
scaling down the transmit power proportionally to 1/M. More
specifically, the achievable rate can be improved by increasing
κ. Adopting a simple transformation, ρκ + α = (1 − κ) α + κ,
we can clearly see that the achievable rate is a monotonic
increasing function of α. This means that we can increase the
achievable rate by using higher quantization bits in the 2M1
low-resolution ADCs.

B. Imperfect CSI
In practical massive MIMO systems, it is generally difficult
to obtain accurate CSI at the BS. Therefore, for the most
practical and general case of imperfect CSI, we consider
a transmission within the coherence interval T and use τ
symbols for pilots. The CSI for each antenna can be obtained
by using the high-resolution ADCs in a round-robin manner,
which has been clearly explained in [18]. The power of pilot

symbols is p p = τ pu , while the minimum mean-squared
error (MMSE) estimate of G is given by Ĝ. Let  = Ĝ − G
be the channel estimation error matrix, which is independent
of Ĝ due to the properties of MMSE estimation [27]. The

elements of  has a variance of σn2 = 1+ p ββn (K +1)
(
p n) n
[22, eq. (21)]. Following a similar analysis in [27], the
achievable rate of the nth user under imperfect CSI is given
by

MRC
RIP,n

⎧
⎪
⎨


2 ⎞ ⎫
 H
 ⎬
H
pu ĝn0
ĝn0 + α ĝ n1
ĝn1  ⎪
⎜
⎟
= E log2 ⎝1 +
⎠ , (26)
⎪
⎪
2
⎩
⎭

where

2

N


2 



 H 2
 H 2
 H

H
ĝn0 ĝi0 + α ĝn1 ĝi1  + ĝn0 n0  + α ĝn1 n1 

= pu

i=1,i =n

i=1,i =n

which is consistent with [21, eq. (9)].
Remark
2: For the power-scaling law, let us define pu =

E u M with a fixed E u and a large M, then the limit of (15)
converges to
MRC
RP,n
→ log2 (1 + E u βn (ρκ + α)) , as M → ∞.

(25)

It is clear from (25) that the Rician K -factor is irrelevant to
the exact limit of the uplink rate of mixed-ADC massive MIMO

⎛

+ pu

ĝn0

2

+α

2

ĝn1

2

Ĝ1 − 1

⎜
⎜
≈ log2 ⎜1 +
⎝

Ĝ1 − 1

H

"
ĝn1 . (27)

Lemma 2: For mixed-ADC massive MIMO systems using
MRC with imperfect CSI over Rician fading channels, the
approximate achievable rate of the nth user is given by (28),

⎛
MRC
RIP,n

σi2

i=1

!
H
+αρ pu ĝn1
diag

N


⎞

%

&
⎟
pu βn (M0 + αM1 )2 (K n + ηn )2 + M0 + α 2 M1 ηn2 + 2K n ηn
⎟
⎟
!
"
N
N
⎠
'
'
σi2 + pu (K n + 1)
3 + αρ pu M1 4
(M0 + αM1 ) (K n + ηn ) (K n + 1) 1 + pu
i=1

i =n

(28)
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shown at the bottom of previous page, where
p p βn
,
(29)
1 + p p βn
βi

2
2
K n K i φni,0
3 =
+ α 2 φni,1
Ki + 1

βi M0 + α 2 M1
+
(K i ηn + K n ηi + ηn ηi ) , (30)
Ki + 1


ηn =



4 = βn K n2 + 4K n ηn + 2ηn2
N

βi (K i + ηi )
.
(31)
Ki + 1
i =n
Proof: When the number of BS antennas M grows without
bound, we employ [22, Lemma 1] to approximate (26) as
#
⎛
2 $ ⎞
 H

H
pu E ĝn0 ĝn0 + α ĝn1 ĝn1 
⎜
⎟
MRC
⎟. (32)
RIP,n
≈ log2 ⎜
⎝1 +
⎠
E { 2}

+ (K n + 1) (K n + ηn )

Utilizing [22, Lemma 5], the expectations in (32) can be found
as
"
!
M j ηn
M j Kn
2
(33)
+
= βn
E ĝn j
Kn + 1
Kn + 1

βn2
4
E ĝn j
M 2j K n2 + M 2j + M j ηn2
=
(K n + 1)2

+
2M j K n + 2M 2j K n ηn
(34)

#
2 $
βn βi


2
K n K i φni,
E ĝnHj ĝi j  =
j
(K n + 1) (K i + 1)

+M j K i ηn + M j K n ηi + M j ηn ηi . (35)
Furthermore, with the help of the known variance and mean
of the elements of , and [9, eq. (22)], we can easily derive
the expectation of the last term in the denominator of (26) as
#
!
"
$
H
H
E ĝn1 diag Ĝ1 − 1 Ĝ1 − 1
ĝn1
H

H
diag Ĝ1 Ĝ1
= E ĝn1

=

H
ĝn1 + E ĝn1
diag 1 1 H ĝn1

M1 βn2
K n2 + 4K n ηn + 2ηn2
(K n + 1)2
N
M1 βn (K n + ηn )  βi (K i + ηi )
+
Kn + 1
Ki + 1
i=1,i =n

M1 βn (K n + ηn )  2
σi .
Kn + 1
N

+

(36)

i=1

Substituting (33) to (36) into (26), the proof can be concluded
after some simplifications.
Note that Lemma 2 presents a closed-form approximation
for the achievable rate of mixed-ADC massive MIMO systems
with imperfect CSI over Rician fading channels. The derived
approximate rate expressions are more and more accurate as
the number of antennas increases and the Rician K -factor
decreases. This finding coincides with the one presented in
[22, Figs. 2 and 3]. It is clear that the channel estimation error
has a baneful effect on the achievable rate. We now perform
further analysis based on the uplink rate approximation (28).
Remark 3: For unquantized massive MIMO systems with
ideal ADCs (α = 1) over Rician fading channels, (28) can
reduce to [22, eq. (82)]. For the special case of Rayleigh
fading channels, (28) reduces to (37), shown at the bottom
˜ 3 = βi ηi M0 + α 2 M1 ,
of this page, where σ̃i2 = 1+βpnp βn , 
N
'
˜ 4 = βn ηn +
and 
βi ηi . To the best of our knowledge, (37)
i=1

is new and has not been derived
 before.
Remark 4: With pu = E u M γ and M → ∞, the limit of
(28) converges to
"
!
E u βn (M γ K n + τ E u βn )
MRC
,
RIP,n
→ log2 1 + (ρκ + α)
M 2γ −1 (K n + 1)
as M → ∞.
(38)
It is worth pointing out that the power scaling law with
imperfect CSI depends on the value of nth user’s Rician
K -factor K n . For Rayleigh fading channels (K n = 0), the
user transmit
power pu can be at most cut down by a factor
√
of 1/ M. If there is a LoS component (κ > 0), the transmit
power of each user can be scaled down proportionally to 1/M.
For the special case of low-resolution ADC architectures
(κ = 0), (38) reduces to
"
!
α E u βn (M γ K n + τ E u βn )
MRC
,
→ log2 1 +
RIP,n
M 2γ −1 (K n + 1)
as M → ∞.
(39)
which is consistent with [9, eq. (23)]. For the unquantized
massive MIMO systems (κ = 1, α = 1), (38) converges to a
constant value as
"
!
E u βn (M γ K n + τ E u βn )
MRC
,
RIP,n → log2 1 +
M 2γ −1 (K n + 1)
as M → ∞,
(40)
which is the exact achievable rate of unquantized massive
MIMO systems as derived in [22].
MRC is
Remark 5: In contrast to the case of perfect CSI, RIP,n
affected by the Rician K -factor K n . When γ = 1, (38) reduces

⎛
MRC
RIP,n

⎜
⎜
≈ log2 ⎜1 +
⎝

⎞

%
&
⎟
pu βn ηn (M0 + αM1 )2 + M0 + α 2 M1
⎟
⎟
!
"
N
N
⎠
'
'
˜ 3 + αρ pu M1 
˜4

σ̃i2 + pu
(M0 + αM1 ) 1 + pu
i=1

i =n

(37)
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Fig. 2. Sum achievable rate of mixed-ADC massive MIMO systems over
Rician fading channels against the user transmit power for K = 10 dB,
N = 10 and b = 1.

Fig. 3. Sum achievable rate of mixed-ADC massive MIMO systems over
Rician fading channels against the ADC quantization bits for N = 10, and
pu = 10 dB.

to a constant value as
"
!
(ρκ + α) E u βn K n
MRC
, as M → ∞.
→ log2 1 +
RIP,n
Kn + 1
(41)

pu increases, the gap among different cases becomes relatively
large. It is clear that the massive MIMO systems with ideal
ADCs (Case 1) gains superior achievable rate performance
compared to the one with mixed-ADCs (Case 2) and the one
with low-resolution ADCs (Case 3). With similar hardware
cost as Case 2, the achievable rate of Case 4 is lower due to
a smaller number of BS antennas are used.
Fig. 3 presents the simulated and approximate sum achievable rate of mixed-ADC massive MIMO systems for various
numbers of ADC quantization bits. Without loss of generality,
we assume that all users have the same Rician K -factor as
K n = K . The simulation results notably coincide with the
derived results for all ADC quantization bits. We also find
from Fig. 3 that higher sum rate can be achieved by employing more high-resolution ADCs. Furthermore, the achievable
rate increases with the number of quantization bits (b), and
converges to a limited achievable rate with high-resolution
ADCs. For Rayleigh fading channels (K = 0), the mixedADC architecture can achieve the same sum achievable rate by
employing 5 bits, while for Rician fading channels (K = 10),
more ADC quantization bits are needed, which is in agreement
with Remark 1. This is true because the quantization noise is
larger with more received power in LoS dominating scenarios.
In Fig. 4, we investigate the power scaling law of mixedADC massive MIMO systems over Rician fading channels
with perfect CSI. The proportions of the number of highresolution ADCs in the
 mixed-ADC architecture are considered as κ = 0, 1 2, and 1, respectively. As predicted
in Remark 2, a higher proportion of the number of highresolution ADCs improves the achievable rate. For fixed
values of pu = 10 dB, all curves grow without bound by
increasing M; while for variable values of pu = E u /M, the
corresponding curves eventually saturate with an increased M.
These results validate that we can scale down the transmitted
power of each user as E u /M for the perfect CSI case over
Rician fading channels.
A beneficial sum achievable rate improvement arising with
a higher Rician K -factor is illustrated in Fig. 5. Here,
the following three cases considered in Fig. 2 are investigated: 1)M0 = 200, M1 = 0; 2)M0 = 100, M1 = 100;

Note that (41) converges to (25) for very strong LoS scenarios.
i.e., K n → ∞, where the channel estimation becomes far more
robust. This is because items in the fading matrix that were
random before becomes deterministic now. Also, similar to the
perfect CSI case (25), (41) clearly indicates that as either the
number of high-resolution ADCs (κ) or the quantization bit of
low-resolution ADCs (α) gets larger, the achievable rate can
be improved monotonously.
IV. N UMERICAL R ESULTS
In this section, we provide simulated and analytical results
on the uplink sum achievable rate of mixed-ADC
' N massive
MIMO systems, which is defined as R =
n=1 Rn . The
energy efficiency is also examined in detail. First, we assume
the users are uniformly distributed in a hexagonal cell with a
radius of 1000 meters, while the minimum distance between
the user to the BS is rmin = 100 meters. Furthermore, the
pathloss is expressed as rn−v with rn denoting the distance
between the nth user to the BS and v = 3.8 be the
pathloss exponent, respectively. The shadowing is modeled
as a log-normal random variable sn with standard deviation
δs = 8 dB.
the large-scale fading is given by
 Therefore,
−v
βn = sn rn rmin . Finally, θ%n areassumed
 & to be uniformly
distributed within the interval −π 2, π 2 .
A. Achievable Rate
In Fig. 2, the simulated and the analytical achievable
rate (15) of mixed-ADC massive MIMO systems with perfect
CSI are plotted against the user transmit power pu . Herein,
we consider the following four cases: 1)M0 = 200, M1 = 0;
2)M0 = 100, M1 = 100; 3)M0 = 0, M1 = 200; 4)M0 =
128, M1 = 0. Fig. 2 shows that the analytical and simulated
curves are very tight in all considered cases, which confirms
the correctness of our derived results. Moreover, the sum
achievable rates in four cases are similar at low SNR. While as
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Fig. 4. Sum achievable rate of mixed-ADC massive MIMO systems over
Rician fading channels against the number of BS antennas for K = 10 dB,
N = 10, and b = 1.

Fig. 6. Sum achievable rate of mixed-ADC massive MIMO systems over
Rician fading channels against the user transmit power for K = 0 dB,
M = 200, N = 10, and b = 1.

energy efficiency and power consumption for practical massive
MIMO systems. Due to this reason, the energy efficiency
of mixed-ADC massive MIMO systems over Rician fading
channels is studied in this section.
Let us first consider a generic power consumption model
of the mixed-ADC architecture. The energy efficiency ηEE is
defined as [31]
ηEE =

RW
bit / Joule,
Ptotal

(42)

where R denotes the sum rate, W denotes the transmission
bandwidth assumed to be 1 GHz and Ptotal is the total
consumed power, which can be expressed as [5]
Ptotal = PLO + M (PLNA + PH + 2PM )
H
L
+ 2M1 c PAGC + PADC
+ 2M0 PAGC + PADC

Fig. 5. Sum achievable rate of mixed-ADC massive MIMO systems over
Rician fading channels against the Rician K -factor for pu = 10 dB, N = 10,
and b = 1.

3)M0 = 0, M1 = 200. The three constant curves are obtained
by the analytical expression (23). As expected, the sum rate
approach a fixed value as K → ∞. In addition, placing more
high-resolution ADCs at the BS greatly enhances the overall
performance of the sum achievable rate.
Fig. 6 presents the sum achievable rate of different ADC
architectures with both perfect and imperfect CSI over Rician
fading channels. As can be seen, the sum achievable rate
grows obviously without bound as the user transmit power pu
increases for both perfect and imperfect CSI. An insightful
observation is that the sum achievable rates of all cases are
similar at low SNR. However, the gaps become large when
the SNR increases.
B. Energy Efficiency
Until now, we have investigated the achievable rate of
mixed-ADC massive MIMO systems over Rician fading
channels. As expected, the sum rate of unquantized massive
MIMO systems outperforms the one with mixed-ADCs, at
the cost of higher hardware cost and power consumption.
Therefore, there should be a fundamental trade-off between the

+PBB ,

(43)

H , PL , P
where PLO , PLNA , PH , PM , PAGC , PADC
BB denote
ADC
the power consumption in the LO, LNA, π/2 hybrid and
LO buffer, Mixer, AGC, high-resolution ADCs, low-resolution
ADCs, and baseband processor, respectively. In addition, c is
the flag related to the quantization bit of low-resolution ADCs
and is given by

0, b = 1,
c=
(44)
1, b > 1.

Furthermore, the power consumed in the ADCs can be
expressed in terms of the number of quantization bits as
PADC = FOMW · f s · 2b ,

(45)

where f s is the Nyquist sampling rate, b is the number of
quantization bits, and FOMW is Walden’s figure-of-merit for
evaluating the power efficiency with ADC’s resolution and
speed [34]. In the simulation, the consumed power in the
RF components are assumed to be PLO = 22.5mW [35],
PLNA = 5.4mW [36], PH = 3mW [37], PAGC = 2mW [36],
PM = 0.3mW [38], PBB = 200mW [5]. With state-of-the-art
technology, the power consumption value of FOMW at 1 GHz
bandwidth is FOMW = 5 ∼ 15 fJ/conversion-step [39].
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Fig. 7. Energy efficiency of mixed-ADC massive MIMO systems over Rician
fading channels against different ADC quantization bits for K = 10 dB,
N = 10, and pu = −10 dB.

Fig. 8.
Energy efficiency of mixed-ADC massive MIMO systems over
Rician fading channels against different numbers of antennas for K = 10 dB,
N = 10, and pu = 0 dB.

With the power consumption model (43), the energy efficiency of massive MIMO systems with different ADC architectures and perfect CSI is illustrated in Figs. 7-10. We find
that the energy efficiency of the mixed-ADC architecture
can be significantly improved compared with ideal highresolution ADCs. Moreover, the receiver adopting only lowresolution ADCs has the highest energy efficiency among all
architectures. This implies that the energy efficiency decreases
with the proportion of the number of high-resolution ADCs
(κ) in the mixed-ADC structure. Although the low-resolution
ADC architecture can achieve better energy efficiency than the
mixed-ADC architecture, the spectral efficiency of the lowresolution ADC architecture is much lower than that of the
mixed-ADC architecture. Moreover, the channel estimation in
the mixed-ADC architecture are more tractable than that in
the low-resolution ADC architecture due to the use of partial
high-resolution ADCs. With all results, it is clear that we can
achieve a better achievable rate meanwhile obtain a relatively
high energy efficiency by using the mixed-ADC architecture.
In Fig. 8, we analyze the effect of the number of receive
antennas on the energy efficiency. Due to the fact that each
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Fig. 9. Trade-off between power consumption and achievable rate of mixedADC massive MIMO systems over Rician fading channels for K = 10 dB,
N = 10, and pu = 10 dB.

antenna is connected with one RF chain, it may be wasteful
to use more antennas at the BS. The energy efficiency of
low-resolution ADCs is largest among others. Indeed, if the
BS has only around 30 antennas, the mixed-ADC architecture
achieves its optimal energy efficiency for the selecting system
parameters.
Next, we present some numerical results in
Figs. 10–12 to illustrate the trade-off between energy
efficiency and achievable rate of the mixed-ADC architecture
for different portions of high-resolution ADCs (κ), Rician
K -factor, and quantization bits of low-resolution ADCs (b).
In addition, for each figure, we plot curves representing the
trade-off performance as we increase the number of ADC
quantization bits from 1 to 12, at the increment of 1. Note that
the largest value of the achievable rate is given at the rightmost
points, while the highest points in the figure correspond to the
largest value of the energy efficiency. Therefore, it is better
to reach a point to the top-right corner for the corresponding
architecture. Moreover, if the area contained at the left of the
curve, which can be interpreted as an “operating region", is
bigger, the corresponding architecture is more versatile as a
function of the ADC quantization bit.
The first insight obtained from Fig. 9 is that the mixedADC architecture requires more power than the one with pure
low-resolution ADCs, but with a relatively big increase in
the achievable rate for small quantization bits. In addition,
the gap of power consumption decreases with the increasing ADC’s resolution. For the mixed-ADC architecture, the
achievable rate significantly increases when the quantization
bit increases from 1 to 4, with a negligible increase in the
receiver power consumption. However, the power consumption
increases significantly when the quantization bit going from
4 to 12 bits. This means that the mixed-ADC architecture can
achieve a better trade-off between the power consumption and
achievable rate by using 4 bits.
Fig. 10 shows the trade-off between energy efficiency and
achievable rate of mixed-ADC architectures for different values of the Rician K -factor. We also plot the curves of the pure
low-resolution ADC architecture as the evaluation baselines.
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Fig. 10. Trade-off between energy efficiency and achievable rate of mixedADC massive MIMO systems over Rician fading channels for N = 10 and
pu = 10 dB.

Fig. 12. Trade-off between energy efficiency and achievable rate of mixedADC massive MIMO systems over Rician fading channels for imperfect and
perfect CSI, K = 10 dB, N = 10 and pu = 10 dB.

imperfect CSI is smaller than the one of perfect CSI. However,
this gap is reduced by improving the user transmit power pu
form 0 dB to 10 dB. This means that more user transmit power
is needed to combat the effect of channel estimation error.

Fig. 11. Trade-off between energy efficiency and achievable rate of mixedADC massive MIMO systems over Rician fading channels for imperfect and
perfect CSI, K = 10 dB, N = 10 and pu = 0 dB.

Note that the signal processing in the pure low-resolution ADC
architecture is very complex and time-consuming compared
with the mixed-ADC architecture. It is clear from Fig. 10
that the optimal ADC quantization bit is influenced by both
the portion of high-resolution ADCs and the Rician K -factor.
For the mixed-ADC architecture, the energy efficiency only
increases up to a certain number of quantization bits, while it
decreases at higher ADC quantization bits. This is due to the
fact that the achievable rate is a sub-linear increasing function
of the quantization bits, whereas the power consumption of
ADCs increases exponentially with b. As expected, the mixedADC architecture can achieve larger operating region when
operating over Rician fading channels with stronger LoS
component (large values of K n ) due to higher achievable rate
shown in Fig. 5.
The effect of imperfect CSI and user transmit power on
the trade-off between energy efficiency and achievable rate
of mixed-ADC massive MIMO systems has been investigated
in Figs. 11 and 12. We observe that the operating region of

V. C ONCLUSIONS
In this paper, the performance of mixed-ADC massive
MIMO systems over Rician fading channels is investigated.
We derive novel and closed-form approximate expressions for
the achievable rate for large-antenna limit. The cases of both
perfect and imperfect CSI are incorporated in our analysis.
With similar hardware cost, the mixed-ADC architecture can
achieve larger sum rate than the ideal-ADC architecture.
For mixed-ADC massive MIMO systems over Rician fading
channels, the user transmit power can be at most cut down by a
factor of 1/M. In contrast to the case of perfect CSI, the power
scaling law in the imperfect CSI case is related to the Rician
K -factor. For both perfect and imperfect CSI, the achievable
rate limit converges to a constant as K → ∞. In addition,
the mixed-ADC architecture can have a large operating region
with few high-resolution ADCs. More energy efficiency can
be achieved when operating over stronger LoS scenarios. It is
worth mentioning that the derived results are general and
can include many previously reported ones as special cases.
Finally, we conclude that practical massive MIMO can achieve
a considerable performance with small power consumption by
adopting the mixed-ADC architecture for 5G.
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