
KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 17, NO. 1, Jan. 2023                                     261 
Copyright ⓒ 2023 KSII 

 
 
This work was supported by the National Nature Science Foundation of China under Grant No.61971117 and 
by the Natural Science Foundation of Hebei Province (Grant No. F2020501007). 
 
http://doi.org/10.3837/tiis.2023.01.014                                                                                                                ISSN : 1976-7277 

Uplink Achievable Rate analysis of Massive 
MIMO Systems in Transmit-correlated 

Ricean Fading Environments 
 

Yixin Xu1*, Fulai Liu 2,1*, Zixuan Zhang2, Zhenxing Sun1 
1 School of Computer Science and Engineering, Northeastern University,  

Shenyang, China 
[e-mail: xuyixin510@126.com , sunzx-0@163.com] 

2 Engineer Optimization & Smart Antenna Institute, Northeastern University at Qinhuangdao, 
 Qinhuangdao, China 

[e-mail: fulailiu@126.com, zhangzx339@126.com] 
*Corresponding author: Yixin Xu and Fulai Liu 

 
Received November 10, 2022; revised January 6, 2023; accepted January 23, 2023;  

published January 31, 2023 
 

 
Abstract 

 
In this article, the uplink achievable rate is investigated for massive multiple-input 
multiple-output (MIMO) under correlated Ricean fading channel, where each base station (BS) 
and user are both deployed multiple antennas. Considering the availability of prior knowledge 
at BS, two different channel estimation approaches are adopted with and without prior 
knowledge. Based on these channel estimations, a two-layer decoding scheme is adopted with 
maximum ratio precoding as the first layer decoder and optimal second layer precoding in the 
second layer. Based on two aforementioned channel estimations and two-layer decoding 
scheme, the exact closed form expressions for uplink achievable rates are computed with and 
without prior knowledge, respectively. These derived expressions enable us to analyze the 
impacts of line-of-sight (LoS) component, two-layer decoding, data transmit power, pilot 
contamination, and spatially correlated Ricean fading. Then, numerical results illustrate that 
the system with spatially correlated Ricean fading channel is superior in terms of uplink 
achievable rate. Besides, it reveals that compared with the single-layer decoding, the two-layer 
decoding scheme can significantly improve the uplink achievable rate performance.  
 
 
Keywords: Ricean fading, massive MIMO, spatially correlated channel, multi-antenna 
users, two-layer decoding. 
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1. Introduction 

Massive multiple-input multiple-output (MIMO) is an important technique for beyond-5G 
(B5G) communication networks, since its ability to enhance system performance (e.g. spectral 
and energy efficiency) with large antenna arrays [1]. In practice, most of the studies mainly 
focus on analyzing massive MIMO performance for single-antenna user scenario, e.g. [2-4]. 
On this basis, the system performance will be significantly improved by using deep learning 
which has many advantages in massive training samples, noise influence, and 
high-dimensional feature data [5, 6]. However, many modern user devices such as smart 
vehicles, tablets, and laptops are equipped with multi-antennas to enhance the achievable rate 
performance [7, 8]. Thus, as one of performance metrics for massive MIMO, the achievable 
rate of multi-antenna users is necessary to be analyzed for understanding the effects of 
additional antennas at users [9, 10].  

To this end, for a single-cell scenario with multi-antenna users, both uplink and downlink 
achievable rates are derived under spatially correlated Rayleigh fading channel [11]. It shows 
that the additional user antennas can significantly improve the achievable rate via increasing 
spatial multiplexing. However, a novel insight is presented in [12], which reveals that the 
inner-user interference seriously affects the achievable rate when the users are deployed 
multiple antennas. For mitigating interference, a hybrid beamformer is proposed by using the 
channel covariance matrix [13]. Moreover, an improved maximum ratio (MR) precoding 
scheme is presented for multi-antenna users to mitigate the interference in [14, 15]. Compared 
with the conventional precoder, this precoder can significantly enhance the downlink 
achievable rate. In a multi-cell scenario, employing zero forcing (ZF) and regularized ZF 
(RZF) precoding scheme, the closed-form downlink achievable rates are derived [16]. It 
validates that the achievable rates are significantly affected by pilot contamination (PC). 
Based on the interference alignment theory, a novel approach is presented to reduce PC via 
designing precoder and combiner matrices [17]. In addition, combining the benefits of the 
spatial modulation and massive MIMO techniques, the closed form achievable rate 
expressions are derived with the MR and ZF combining precoders, respectively [18]. This 
expression facilitated the system-level analysis, in which the system-level achievable rates are 
maximized by optimizing the user antennas. 

The aforementioned research focuses on investigating the system performance under 
Rayleigh fading channel. However, the practical channel in densely deployed massive MIMO 
system is always composed of line-of-sight (LoS) components, which should be modeled as 
spatially correlated Ricean fading [19]. To this end, for a single-cell scenario with 
multi-antenna users, the closed-form uplink achievable rate expression is computed under 
correlated Ricean fading in [20]. However, this study assumes that the full knowledge of 
channel covariance matrices is known at the BS as prior information, while practical BS 
sometimes does not obtain any prior information. Moreover, the impact of PC is not 
considered in this study. In fact, PC is still challenging and cannot be ignored [21]. To mitigate 
PC, a two-layer decoding scheme is studied for massive MIMO with single-antenna users in 
[22]. However, this work focuses on the system with single-antenna users, and only considers 
the case that the full knowledge of channel covariance matrices is known at the BS. 

Motivated by the aforementioned observations, the uplink achievable rate for multi-cell 
scenario with multi-antenna users is investigated in this article under correlated Ricean fading 
channel by capturing the effects of LoS components, PC, two-layer decoding, and data 
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transmit power. The specific contributions of this article are outlined as follows:  
(1) A multi-cell multi-antenna users massive MIMO network is proposed under spatially 

correlated Ricean fading that captures the effect of LoS and non-line-of-sight (NLoS) 
components in real communication systems. Particularly, the Kronecker correlation 
channel model is adopted for describing LoS propagation and spatially correlated 
multipath fading. 

(2) By employing two different channel estimations and two-layer decoding scheme, the 
closed-form achievable rate expressions are computed under correlated Ricean fading 
channel. These derived expressions provide generalized expression for analyzing the 
impacts of multi-antenna users, inter-cell interference, channel estimation errors and 
spatially correlated Ricean fading. Simulation results illustrate that the uplink 
achievable rate is significantly improved by employing two-layer decoding scheme 
under correlated Ricean fading channel.  
 

 
Fig. 1. Illustration for massive MIMO network under Ricean fading. 

2. System Model 
In this work, an uplink massive MIMO network with  cells is consider, where each cell 

contains that one BS simultaneously serves  users. In particular, each user and BS are 
deployed with  and  antennas, respectively. For the sake of brevity, the sets of BS, users, 
and user antenna are denoted as , , and , respectively. 
Moreover, the user in the cell is defined as , where and . The channel 
matrix between  and the BS is defined as , where  
represents the channel vector between antenna of  and the BS. Furthermore, the 
length of coherence interval is denoted by . Each coherence interval consists of two parts: 

( ) and  symbols are utilized for uplink training and data transmission, 
respectively. 

In practical scenario, the LoS path can be obstructed due to the presence of blockages as 
shown in Fig. 1. Thus, the channel is needed to be characterized as a combination of both LoS 
and NLoS components. For this purpose, based on Kronecker correlation model [23], the 
Ricean fading channel  is given by                                                                                          

                                                 (1) 



264                                                                                  Xu et al.: Uplink Achievable Rate analysis of Massive MIMO  
Systems in Transmit-correlated Ricean Fading Environments 

where 1,...,l l lN M N
ik ik ik

× = ∈ H h h 
is an matrix corresponds to the deterministic LoS component 

and 1,...,l l lN M N
ik ik ik

× = ∈ G g g

 
 represents the stochastic NLoS component. In (1), l M M

ik
×∈R   

stands for a covariance matrix at thl  BS. l
ikG  represents the M N×  small-scale fading matrix, 

and the elements of l
ikG  obey distribution with ( )0,1C . Moreover, l N N

ik
×∈U  is a covariance 

matrix capturing the spatial correlation at u ik . Let l l l l
ik ik ik ik=U U Λ U 

 be the eigenvalue 
decomposition of l

ikU , where l N N
ik

×∈U   is a unitary matrix and { }1diag ,l l lN
ik ik ikλ λ=Λ 

contains 

the eigenvalues of l
ikU .  

2.1   Uplink Pilot Training                                             
In pilot-based channel estimation phase, all users are required to simultaneously send pilot 

sequences to the BS for channel estimation. Let ,1 ,,..., p Nl l
lk lk lk N

τ × = ∈ Φ φ φ be the pilot 
sequence matrix of u lk , satisfying that 

H ,
.

p N
lk l k

N N

k k
k k

τ
′ ′

×

′==  ′≠

I
Φ Φ

0
                                                          (2) 

The pilot signals pMp
l

τ×∈Y   received at thl BS is expressed as 

                                                    H( ) ,p l
l u lk lk l

l k
ρ

∈ ∈

= +∑∑Y H Φ N
 

                                              (3) 

where uρ  represents the transmitted pilot power. pM
l

τ×∈N   denotes the additive noise matrix, 
and the elements of lN  obey distribution with ( )0,1C .  

To obtain the channel estimation of l
lkh , p

lY is projecting onto lkΦ  as follows: 
.p p l l

lk l lk u p lk u p l k l lk
l l

ρ τ ρ τ ′
′≠

= = + +∑Y Y Φ H H N Φ               
       

        (4) 

Let ,MMSE 1,MMSE ,MMSEˆ ˆˆ ,...,l l lN M N
lk lk lk

× = ∈ H h h   denote the minimum mean-squared error (MMSE) 

estimation of l
lkH , which is expressed as [24] 

,MMSE 1 1

1

ˆvec( ) vec( ) ( )( ( ) ) vec( ),+
L

l l l l l l p p
lk lk lk lk l k l k p u N M lk lk

l
τ ρ − −

′ ′
′=

= ⊗ ⊗ + ⊗ −∑H H Λ R Λ R I I Y Y

            

(5)           

where =p l
lk p u l k

l
τ ρ ′

′∈
∑Y H


.   

Moreover, let ln
lkh  and ln

lkg be thn column of l
lkH  and l

lkG , respectively. Then, the MMSE 
estimation in (5) is represented as                                                                     

T
1T T1,MMSE 1

,MMSE

ˆ

+ ,
ˆ

l
l l p u l k lk

llk lk

lNlN
lNlklk

p u l k lk
l

τ ρ

τ ρ

′
′∈

′
′∈

 +    
    

=     
    
    +
  

∑

∑

g n
h h

hh g n



  



Ξ


                                     

  (6)                                                                               

where { }1 1 1 1
,diag ( ) , , ( )l l lN l N

lk lk lk lk lk lkλ λ− −R Q R QΞ =  and vec( )lk l lk=n N Φ . Here, 

1( )n ln l
lk l k l k p u M

l
λ τ ρ −

′ ′
′∈

= +∑Q R I


.                     
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Based on (6), the MMSE estimation ,MMSEˆ ln
lkh  and the estimation error ,MMSE ,MMSEˆln ln ln

lk lk lk= −h h h  
are distributed as  

( ),MMSEˆ , ,ln ln ln
lk lk lkCh h Ω 

                                                        (7) 

( ),MMSE 0, ,ln ln
lk lkCh C

 
                                                            (8) 

where 2 1( ) ( )ln ln l n l
lk lk lk lk lkλ −=Ω R Q R  and ln ln l l

lk lk lk lkλ= −C R Ω .                
Note that the full knowledge of covariance matrices l

lkR  is required for MMSE channel 
estimation as prior information. For another practical scenario, if there is no prior information 
of l

lkR , we can use the least-square (LS) approach to achieve the estimation of ,
ˆl
lk nh  [25]. Based 

on this method, the LS estimation ˆ ln
lkh  is given by ,LS

,
ˆ ˆ1/ln

lk p u lk nτ ρ=h y（ ） , where 

,ˆ ln
lk n l k l k

l
′ ′

′∈

= +∑y h n


denotes the thn column of p
lkY .  Moreover, the LS estimation 

ˆ ln
lkh  and 

estimation error 
ln
lkh  can be distributed as  

,LS
,

1 1ˆ , ,ln ln
lk lk n lk

p up u

C
τ ρτ ρ

 
 
 
 

h y Q 

                                             
     (9) 

,LS
,

1 1, ,ln ln ln ln l
lk lk lk n lk lk lk

p up u

C λ
τ ρτ ρ

 
 − −
 
 

h h y Q R

 

                         
(10) 

where ,
ln

lk n p u l k
l

τ ρ ′
′∈

= ∑y h


 .                                                   

It is clear that the LS channel estimation is more complicated than the MMSE channel 
estimation. Specifically, the estimation error ln

lkh  has non-zero mean, which is required to be 
considered for analyzing the system performance.  

2.2   Uplink Data Transmission                                                           

The received data signal 1M
l

×∈y   at the thl  BS is given by 

.l
l l i l i l i l

l i
′′ ′′ ′′

′′∈ ∈

= +∑∑y H F x n
 

                                                         (11) 

where 1 T 1[ ,..., ]N N
l i l i l ix x ×
′′ ′′ ′′= ∈x   is the uplink data signal transmitted from u l i′′ to the BS, 

satisfying { }H( )l i l i N′′ ′′ =x x I  .   Moreover, 1diag[ ,..., ]N N N
l i l i l ip p ×
′′ ′′ ′′= ∈F  denotes the uplink transmit 

power of u l i′′  and 1M
l

×∈n   represents the additive noise at thl  BS, satisfying { }H( )l l M=n n I   . 

3. Uplink Achievable Rate Analysis 
The exact closed form expressions in terms of uplink achievable rate are computed in this 

section by employing two-layer decoding scheme based on MMSE and LS channel estimation, 
respectively. Particularly, the main idea of two-layer decoding scheme is that the received data 
signal is first decoded by local decoding (i.e. MR precoding) at the BS to suppress intra-cell 
interference. Then, the decoded signals of users that shared the same pilot are collected by a 
central station for jointly processing in the second layer to mitigate PC and inter-cell 
interference. 
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3.1 Uplink Achievable Rate  
Let  1[ ,..., ]N M N

lk lk lk
×= ∈W w w   denote the MR combining matrix in the first layer, of which the 

thn column is defined as ˆn ln
lk lk=w h . Then, the local estimate of ly  is written as H( )lk lk l=s W y . 

Extracting the thn row of lks , the thn data-stream received at the BS is given by 

{ } { }

H H H

\ \Desired signal
Inner-user interference Inter-cell interference

( ) ( ) ( ) .n n n n n m n lm m m n lm m
lk lk lk lk lk lk lk lk lk l k lk l k l k

m n l l k m
p x p x p x′′ ′ ′′ ′ ′′ ′

′′ ′∈ ∈ ∈ ∈

= + +∑ ∑ ∑ ∑s w h w h w h


 

   

                            

{ }

H H

\ Noise
Intra-cell interference

+ ( ) ( )m n lm m n
lk lk lk lk lk l

k k m
p x′ ′ ′

′∈ ∈

+∑ ∑ w h w n




 

                                                                              (12) 

where ( )0,1l Cn    denotes the additive noise component. 
After that, the first-layer decoding signals in (12) are converged to a central station for the 

second-layer decoding as  
H

,ˆ ( )n l n
lk lk n l k

l
a ′

′
′∈

= ∑s s
                                                           

(13) 

where ,
l
lk na ′  is the second-layer decoding weight. 

Define that TH 1 H
, 1( ) ,..., ( )n m n Lm L

lkk nm k lk Lk lk′ ′ ′ = ∈ b w h w h   and T1
, ,,...,n L L

lk lk n lk na a = ∈  a , then the 
signal ˆn

lks  is represented by 

{ } { }

H H H
, , ,

\ \

ˆ ˆ( ) ( ) + ( )n n n n m n m m n m
lk lk lk lkk nn lk lk lk lkk nm lk lk lk lkk nm lk lk

m n k k m
p x p x p x n′ ′ ′

′∈ ∈ ∈

= + +∑ ∑ ∑s b b ba a a
  

                                                                       

{ }

H
,

\
( )m n m

l k lk l kk nm l k
l l k m

p x′′ ′ ′′ ′ ′′ ′
′′ ′∈ ∈ ∈

+ ∑ ∑ ∑ ba
  

.                                                                           (14) 

where H H
,ˆ ( ) ( )l n

lk lk n lk l
l

n a ′

′∈

= ∑ w n


. 

Based on (14), employing the use-and-then-forget (UatF) technique [26], the uplink 
achievable rate of u lk with two-layer decoding scheme is given by 

2 ,(1 ) log (1 ),p
lk lk n

nc

τ
γ

τ ∈

= − +∑
                                             (15) 

where ,lk nγ  denotes signal to interference plus noise ratio (SINR) for the thn  data-stream of 

u lk , which is given by                      

                                                          
{ }

( )

2H
,

, H

( )
,

( )

n n
lk lk lkk nn

lk n n n
lk lk lk

p
γ =

b

D

a

a a
                                         (16) 

where { } { }2 2 H
, ,( ) ( ) + .m n

lk l k l kk lk lkk nn lkk nn kn
l k m

p p′′ ′ ′′ ′
′′ ′∈ ∈ ∈

= −∑ ∑ ∑D b b Z（ ） Γ
    

Here, 

{ } { }2 2

1diag( ,..., )n n
kn k Lk=Z w w   and { }H

, ,= L L
l kk lkk nm lkk nm

×
′′ ′ ∈b b （ ）Γ .                                                              

The expression (15) provides a generalized uplink achievable rate expression for a 
multi-cell scenario with multi-antenna users. Note that the expression (15) can be applied to 
practical spatially correlated Ricean fading channel with arbitrary channel estimation and 
first-layer decoder. However, the expression in (15) is not in closed-form, which cannot 
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effectively quantify the effects of LoS component, PC, and channel estimation error. 
Moreover, for enhancing the performance of system, the closed-form expressions are desired 
to formulate the optimization scheme such as data power control and resource allocation. To 
this end, using the MR combining as the first-layer decoder, the closed-form expressions of 
(15) are derived with and without prior knowledge in the next subsection. 

In addition, it can be observed that the second-layer decoding vector ,lk na  seriously affects 
the performance expression. Thus, to enhance system performance, the second-layer decoding 
vector ,lk na  can be optimized by the following corollary. 

Corollary 1: For a given set of first-layer decoder (i.e. MR precoding) and data transmit 
power matrix, the uplink achievable rate in (15) can be maximized by  

{ }* 1
,( )n

lk k lkk nn
−= D ba                                                 (17) 

and the maximum value of lk
  can be given by 

{ } ( ) { }1* H
2 , ,(1 ) log (1 ( ) ).p

lk lkk nn k lkk nn
nc

τ
τ

−

∈

= − +∑ b D b  


                         (18) 

Proof: The SINR expression ,lk nγ  in (16) can be recognized as a generalized Rayleigh 
quotient with respect to n

lka . Thus, according to [26, Lemma B.10], the maximum uplink 
achievable rate *

lk
  in (18) and optimal *n

lka  in (17) can be obtained. 
Corollary 1 reveals that the second-layer decoding matrix can be designed to maximize the 

uplink achievable rate when the first-layer decoder and data transmit power coefficients are 
given.  

3.2 Closed-form Uplink Achievable Rate for Prior Knowledge Case 
Employing MR combining as the first-layer decoder, the closed-form expression of (15) is 

computed for prior knowledge case as follows. 
Theorem 1: If the MMSE channel estimation and MR combining , ,

ˆ l
lk n lk n=w h  are adopted, 

the uplink achievable rate of u lk  with two-layer decoding scheme can be derived in 
closed-form as  

{ }
( )

2,MMSE H MMSE
,MMSE

2 ,MMSE H MMSE ,MMSE

( )
(1 ) log (1 ),

( )

n n
lk lk lkk nnp

lk n n
nc lk lk lk

pτ
τ ∈

= − +∑
b

D





a

a a
                              (19) 

where  { }MMSE
, diag( )lkk nn kn=b Z  and                                                                                   

{ }

MMSE 2 MMSE 2 MMSE 2 MMSE
,

\
( ) + ( ) ( ) + .m n

lk l k l kk l k l k k n kn
l k m l l

p p′′ ′ ′′ ′ ′′ ′′
′′ ′ ′′∈ ∈ ∈ ∈

= −∑ ∑ ∑ ∑D ZΓ Γ Λ
   

             

(20) 

In (20), MMSE
kn ll

  Z  is the ( , )thl l element of MMSE
knZ , which can be given by 

MMSE Htr( ) ).ln ln ln
kn lk lk lkll

  = + Z Ω h h（ Moreover, MMSE L L
l kk

×
′′ ′ ∈Γ is a diagonal matrix with ( , )thl l

element given by                                                      
2MMSE H H Htr( ) ( ) + ) ) )lm l ln ln lm l ln lm ln lm ln lm

l kk l k l k lk lk l k l k lk l k lk l k lk l kll
λ λ′′ ′ ′′ ′ ′′ ′ ′′ ′ ′′ ′ ′′ ′ ′′ ′ ′′ ′  = + +  R Ω h R h h Ω h h h（ （Γ            (21)                                                                                                                                                       

Moreover, 2 21
, 1diag( ,..., )n Ln

k n k Lk= h hΛ   and  MMSE H( )l k l k l k′′ ′′ ′′= z zΓ , where l k′′ =z  
T1 1 1 1 1 1

1 1 1tr( ( ) ),..., tr( ( ) ) .n n n Ln L n Ln L
l k l k k k k l k l k Lk Lk Lkλ λ λ λ− −
′′ ′′ ′′ ′′  R Q R R Q R  

Proof: Refer to Appendix A.           
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From Theorem 1, the following important insights into the behaviors of a multi-cell 
scenario with multi-antenna users over correlated Ricean fading channel is obtained.   

(1) Theorem 1 is a generalized expression for analyzing the impacts of multi-antenna users, 
inter-cell interference, channel estimation errors and spatially correlated Ricean fading. In 
particular, through accordingly adjusting the parameters, this expression contains many 
special cases. For example, when 1=N , the expression (19) denotes a uplink achievable rate 
expression with single-antenna users over spatially correlated Ricean fading. Moreover, if  

, =0l
lk nh , then the impacts of LoS components is neglected. Under such circumstance, the 

expression (19) stands for an uplink achievable rate expression over spatially correlated 
Rayleigh fading. 

(2) It is clear that the desired signal term in the numerator depends on the channel estimation 
accuracy and the LoS component ,

l
lk nh . In fact, a larger ,

l
lk nh can significantly improve the 

channel estimation accuracy. Thus, a stronger LoS component makes an important 
contribution to enhancing the performance of system. Numerical results also validate this 
analysis. 

 (3) Moreover, Theorem 1 shows that the uplink achievable rate is seriously affected by PC 
term l kk′′ ′

Γ  in the denominator. Thus, to enhance the performance of system, the pilot 
decontamination schemes such as the effective power control and the optimization of 
second-layer decoding can be formulated by using the expression (19). 

3.3 Closed-form Uplink Achievable Rate for No Prior Knowledge Case 
Employing MR combining as the first-layer decoder, the closed-form expression of (15) is 

computed for no prior knowledge case as follows. 
Theorem 2: If the LS channel estimation and MR combining , ,

ˆ l
lk n lk n=w h  are adopted, the 

uplink achievable rate of u lk  with two-layer decoding scheme is derived in closed-form as  

{ }
( )

2,LS H LS
,LS

2 ,LS H LS ,LS

( )
(1 ) log (1 ),

( )

n n
lk lk lkk nnp

lk n n
nc lk lk lk

pτ
τ ∈

= − +∑
b

D





a

a a
                                    (22) 

where   

{ } { }LS 2 LS 2 H LS( ) ( ) ( ) + .m n
lk l k l kk lk lk lk kn

l k m
p p′′ ′ ′′ ′

′′ ′∈ ∈ ∈

= −∑ ∑ ∑D z z Z Γ
  

                         (23)                                                                                

In (23), LS L L
l kk

×
′′ ′ ∈Γ is a diagonal matrix with ( , )thl l element given by   

LS H=tr( ) ) +lm lm ln lm ln lm
l kk l k l k lk l k lk l kll

λ′′ ′ ′′ ′ ′′ ′ ′′ ′ ′′ ′  +  R Q h Q h（Γ  
22 H H

, ,

2 4

2H H
, , ,

tr(( ) ) ( ) ( )

tr( ) and

( ) ) Otherwise.

ln ln ln ln n ln
l k l k lk n l k l k lk n lk l k

ln ln ln
l k l k l k

lm lm lm
lk n l k l k lk n lk n l k

k k m n

λ λ

λ

λ

′′ ′′ ′′ ′′ ′′

′′ ′′ ′′

′′ ′′ ′ ′′ ′

 + +

 ′+ + = =

 +


R y R y c h

R h

y R y y h（

                              (24)                                                                                                                                               

where  ,
n ln

lk lk n l k′′= −c y h  .  In (22), { } { }LS
,lkk nn lk=b z  , where 

1 1 1 1 H H H[tr( ) ),..., tr( ) )] .( (n n n n Ln Ln Ln Ln
lk lk lk l k lk lk lk l k lk

l l
λ λ′ ′

′′ ′′∈ ∈

= + +∑ ∑z R h h R h h
 

In (23), LS
kn ll

  Z  is the ( , )thl l

element of knZ , which can be given by 2LS
,1 / (tr( ).ln

kn p u lk lk nll
τ ρ  = + Z Q y）                                                                                                                               

Proof: Refer to Appendix B.
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The closed-form expression of (15) for no prior knowledge case is derived in Theorem 2, 
where the same insights as the observations in Theorem 1 can be easily obtained. Particularly, 
Theorem 2 shows that the interference terms of SINR with LS channel estimation are larger 
than that using MMSE channel estimation. This is because that the mean values for LS channel 
estimation are not used as prior information.    

4. Numerical Results 
In simulation, the numerical result is generated for verifying the correctness of theoretical 

analysis in Section 3. For a wrap-around cellular network with 4 cells, the users are uniformly 
and independently distributed in each cell [26]. Besides, each coherence block contains 

200cτ = samples and p KNτ =  (except Figure 7) in each cell. The LoS component from u lk  to 
the thl BS can be modeled as [27]                                                   

, , T= ( ) ( ( ))
+1

l
l l r l tik
ik r ik t ikl

ik

κ
θ θ

κ
⋅H δ δ                                             (25)                                                                                

where =13 0.03l l
lk lkdκ − [dB]  refers to Ricean factor. l

lkd  stands for the distance between u lk  and 
the thl BS [28]. Besides, ,l r

ikθ and ,l t
ikθ  denote the angle of arrival and departure. Then, ,( )l t

t ikθδ

and ,( )l r
r ikθδ  represent the transmit and receive array response vector, which can be given by 

[20] 
, , T

sin( ) ( 1)sin( ),( ) 1, ,...,
l t l t
ik ikj j Ml t

t ik e eπ θ π θθ − =  δ                                        (26) 
, , T

sin( ) ( 1)sin( ),( ) 1, ,...,
l r l r
ik ikj j Nl r

r ik e eπ θ π θθ − =  δ                                    (27)    

Moreover, the correlation matrices l
ikR  and l

ikU are modeled by employing the exponential 
correlation model from [29]. Thus, the ( , )thx y  and ( , )tha b elements of l

ikR  and l
ikU are given 

by ,( )
,[ ]

l t
ikj x yl

ik x y te
θρ −=R

 
and ,( )

,[ ]
l r
ikj a bl

ik a b re
θρ −=U , where tρ  and rρ  are correlation coefficients. 

In simulations, the pilot and data power is assumed to be 200mW for each user.  
Fig. 2 shows the sum uplink achievable rates with the two-layer decoding when the number 

of BSs antennas M  is increasing. The curves stand for the sum uplink achievable rate 
obtained by using the expressions in (19) and (22), while the “W” markers represent the sum 
uplink achievable rates obtained by using Monte Carlo method. It is clearly that the markers 
and the curves as well as simulation results are nearly overlap, which validates the correctness 
of our derived expressions. Particularly, spatially correlated Ricean fading channels achieve 
higher uplink achievable rate than the spatially correlated Rayleigh fading channels for both 
MMSE and LS estimation. This is because the existence of LoS component in Ricean fading 
channel can significantly improve achievable rate of the proposed system. Moreover, for 
MMSE channel estimation, the highest sum uplink achievable rates can be obtained for both 
the curves of analytical results and the markers. In other words, the MMSE channel estimation 
can achieve higher uplink achievable rate than that of LS channel estimation since the 
knowledge of covariance matrices is known and utilized. It can be seen from Fig. 2, for all 
cases, the sum achievable rates are steadily increasing as M  grows largely. 
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Fig. 2. Achievable rate with two-layer decoding versus the number of BS antennas ( 10K =  and 2N = ). 

 
The impact of different channel estimation for uncorrelated Ricean fading is displayed in 

Fig. 3. It can be observed that the markers and the curves as well as simulation results are 
nearly overlap. Similar to Fig. 2, for the MMSE channel estimation, the highest sum uplink 
achievable rates can be obtained for both the curves of analytical results and the markers. This 
is because the mean vector of MMSE channel estimation is utilized for enhancing the accuracy 
of estimation. In addition, the sum achievable rate is steadily increasing for MMSE and LS 
channel estimators as M  grows largely. 

 
Fig. 3.  Achievable rate with two-layer decoding versus the number of BS antennas for uncorrelated 

Ricean fading with 10K =  and 2N = . 
 

Fig. 4 and Fig. 5 illustrate the achievable rate comparison of the proposed two-layer 
precoding scheme and other precoding method for MMSE and LS channel estimation, 
respectively, where 20K =  and 2N = . To study the influence of two-layer decoding scheme 
on the uplink achievable rate, the case of approximate second-layer detector is considered, in 
which the second-layer detector is only computed by using the diagonal elements of the 
channel correlation matrices. It is clear that the two-layer decoding scheme enhance the 
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achievable rate with MMSE and LS channel estimation. More importantly, the LS channel 
estimation obtains more benefits than MMSE channel estimation does from employing the 
two-layer decoding scheme. This is because the two-layer decoding scheme can effectively 
suppress the interference caused by LS channel estimation. 

 
Fig. 4. Achievable rate versus M  with MMSE channel estimation ( 20K =  and 2N = ). 

 
Fig. 5. Achievable rate versus M  with LS channel estimation ( 20K =  and 2N = ). 

 
In Fig. 6, the cumulative distribution function (CDF) curves for the per-user uplink 

achievable rate are plotted with 200M = , 2N = and 20K = . It can be observed that the 
two-layer decoding scheme can improve the uplink achievable rate for both MMSE and LS 
channel estimation cases. Fig. 6 reveals that whether the two-layer decoding scheme is 
adopted or not, the MMSE channel estimation can achieve higher uplink achievable rate than 
the LS channel estimation. In particular, LS channel estimation can achieve more benefits 
from two-layer decoding scheme. 
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Fig. 6. CDF of per-user achievable rate for single-layer and two-layer decoding. 

 
Fig. 7 depicts the CDF curves of per-user achievable rate for different pilot lengths, where 

case 1 and case 2 denote 40pτ =  and 10pτ = , respectively. For both case, the MMSE channel 
estimation can obtain higher uplink achievable rate than LS channel estimation. However, the 
CDF curve of MMSE become closer to the LS channel estimation when 40pτ = . This is 
because the larger pilot length can enhance the channel estimation quality, thereby mitigating 
the effect of PC. 

 
Fig. 7. CDF of  per-user achievable rate with 200M = , 2N = and 20K = . 

 
In Fig. 8, the CDF curves of per-user achievable rate are plotted for different number of users, 
in which 200M = , 2N = . It reveals that the user obtains lower uplink achievable rate when the 
number of users increases. Moreover, as expected, the MMSE channel estimation achieves 
higher achievable rate than that of LS method for different number of user. 
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Fig. 8. CDF of the per-user achievable rate. 

5. Conclusions 
In this work, we investigate the uplink achievable rate of the proposed system. In such 

system, the channel is modeled as correlated Ricean fading. By employing two-layer decoding 
scheme, closed-form uplink achievable rate expressions are derived with and without prior 
knowledge case, respectively. These expressions can be utilized for formulating the uplink 
power control and other resource allocation schemes. Simulation results illustrate that the 
uplink achievable rate is effectively enhanced by employing two-layer decoding scheme under 
correlated Ricean fading channel.  

Appendix A 

Proof of Theorem 1 
Note that lkD  in (16) is given by  

{ } { }MMSE 2 MMSE 2 MMSE 2 MMSE MMSE H MMSE
, ,

1
( ) + ( ) ( ) + ,

L
m n n

lk l k l kk l k l k lk lkk nn lkk nn kn
l k m l

p p p′′ ′ ′′ ′ ′′ ′′
′′ ′ ′′∈ ∈ ∈ =

= −∑ ∑ ∑ ∑D b b Z （ ） Γ Γ
  

     (28)               

where MMSE L L
l kk

×
′′ ′ ∈Γ is a diagonal matrix with ( , )thl l element given by 

{ }2MMSE H( )n lm
l kk lk l kll′′ ′ ′′ ′  =  w hΓ and MMSE H( ) ,l k l k l k′′ ′′ ′′= z zΓ where 

TH 1 H
1( ) ,..., ( )n n n Ln

l k k l k Lk l k′′ ′′ ′′ =  z w h w h . 

(1) Compute { }2MMSE Hˆ( )ln lm
l kk lk l kll′′ ′ ′′ ′  =  h hΓ

 
         

Case 1: k k′ ≠  and n m≠  

In this case, ˆ ln
lkh  and lm

l k′′ ′h  are independent. Thus, { }2Hˆ( )ln lm
lk l k′′ ′h h

 
is derived as 

{ } { } { }2H H Hˆ ˆ ˆ( ) tr( ( ) ( ) )ln lm ln ln lm lm
lk l k lk lk l k l k′′ ′ ′′ ′ ′′ ′=h h h h h h                                    

 
 

2H H Htr( ) ( ) +( ) ) ).lm l ln ln lm l ln lm ln lm ln lm
l k l k lk lk l k l k lk l k lk l k lk l kλ λ′′ ′ ′′ ′ ′′ ′ ′′ ′ ′′ ′ ′′ ′ ′′ ′= + +R Ω h R h h Ω h h h（                         (29) 
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Case 2: k k′ = and n m=  

In this case, ˆ ln
lkh  and lm

l k′′h  are not independent. { }2Hˆ( )ln lm
lk l k′′h h

 
can be derived as 

{ } { } { }2 2 2H H Hˆ ˆ ˆ ˆ( ) ( ) ( ) .ln ln ln ln ln ln
lk l k lk l k lk l k′′ ′′ ′′= +h h h h h h  

                                  
  (30) 

Using a technique proposed in [26, Lemma5], { }2Hˆ ˆ( )ln ln
lk l k′′h h can be derived as 

{ }2 2 2H 1 Hˆ ˆ( ) tr(( ) ) tr( ( ) ) + )ln ln ln l ln ln ln l n ln l ln ln
lk l k l k l k l k lk l k l k lk lk lk lk l kλ λ λ−

′′ ′′ ′′ ′′ ′′ ′′ ′′= − +h h R C Ω R Q R h h（
 

H H
,+( ) ( ) ( ) .ln l l ln ln ln ln ln

lk l k n l k l k lk l k lk l kλ ′′ ′′ ′′ ′′ ′′− +h R C h h Ω h                                         (31)   
Note that ln

l k′′h and ˆ ln
lkh in (30) are independent, { }2Hˆ( )ln ln

lk l k′′h h  can be computed as  

{ }2Hˆ( )ln ln
lk l k′′h h { }H Hˆ ˆ( ) ( )ln ln ln ln

lk l k l k lk′′ ′′= h h h h   
Htr( ) ( ) ( )ln ln ln ln ln

l k lk lk l k lk′′ ′′= +C Ω h C h .                                                  (32)   

Note that  ˆ ln
lkh  and lm

l k′′ ′h  are independent for other cases. Thereby, { }2Hˆ( )ln lm
lk l k′′ ′h h  can be 

easily obtained for other cases by employing the similar approach in (29). 
Then, combining all case, MMSE

l kk ll′′ ′  Γ can be written as  

          { }2MMSE Hˆ( )ln lm
l kk lk l kll′′ ′ ′′ ′  =  h hΓ                                                                  

2H H H=tr( ) ( ) + ) ) )+lm l ln ln lm l ln lm ln lm ln lm
l k l k lk lk l k l k lk l k lk l k lk l kλ λ′′ ′ ′′ ′ ′′ ′ ′′ ′ ′′ ′ ′′ ′ ′′ ′+ +R Ω h R h h Ω h h h（ （  

                            
21tr( ( ) ) ,

0 Otherwise.

ln l n ln l
l kn l k lk lk lk k k m nλ λ−
′′ ′′

 ′ = =



R Q R

   

                                              (33)                                                                                                                                                    

 (2) Compute MMSE
l k′′
Γ     

11 1

MMSE

1

...

...

n Ln
l k l k

l k
L n LLn
l k l k

′′ ′′

′′

′′ ′′

 Σ Σ
 

=  
 Σ Σ 



  Γ                                                             (34) 

where { } { }H H( ) ( )ll n n lm n l n
l k lk l k l k l k
′ ′
′′ ′′ ′ ′ ′′Σ = w h w h                                                                   

Case 1:  l l′≠                                              

{ } { }H H Hˆ ˆ( ) ( ) ( ) ,ln ln l n l n
lk l k l k l k l k l k

′ ′
′′ ′ ′′ ′′ ′′=h h h h z z                                         (35) 

where l k′′ =z
T1 1 1 1 1 1

1 1 1tr( ( ) ),..., tr( ( ) )n n n Ln L n Ln L
l k l k k k k l k l k Lk Lk Lkλ λ λ λ− −
′′ ′′ ′′ ′′  R Q R R Q R

 Case 2:  l l′=    

{ } { } { }H H H 2
, , ,

ˆ ˆ( ) ( ) ( ,)ln ln ln ln
lk l k lk l k l kk nn l kk nn k n′′ ′′ ′′ ′′= −h h h h b b（ ）   Λ                             (36) 

where  
2 21

, 1diag( ,..., )n Ln
k n k Lk= h hΛ .   

Then, combining (35) and (36), MMSE
l k′′
Γ can be written as 
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{ } { }
H

H 2
, , ,

( ) , case 1,

( ) , case 2.
l k l k

l kk
l kk nn l kk nn k n

′′ ′′

′′ ′
′′ ′′

= 
−

z z

b b


（ ） 
Γ

Λ
                                  

(37)                                                                                      

(3) Compute MMSE
knZ  

{ }2MMSE n
kn lkll

  = Z w
 
 

Htr( ) ).ln ln ln
lk lk lk= +Ω h h（                                                (38) 

(4) Compute { }MMSE
,lkk nnb

 
{ } { }TMMSE H 1 H

, 1( ) ,..., ( )n n n Ln
lkk nn k lk Lk lk =  b w h w h     

MMSEdiag( )kn= Z                                                         (39) 
Finally, substituting (33), (37) and (39) into (16), the desired uplink achievable rate can be 

obtained in (19). 

   Appendix B 

 Proof of Theorem 2 

Similar to Theorem 1, LS
l kk′′ ′Γ , LS

l k′′
Γ , LS

knZ , and { }LS
,lkk nnb are needed to be computed as 

follows. 

 (1) Compute { }2LS Hˆ( )ln lm
l kk lk l kll′′ ′ ′′ ′  =  h hΓ

 
Note that ,LS

,
ˆ ˆ1/ln

lk p u lk nτ ρ=h y（ ） , ,ˆ ln
lk n l k l k

l
′ ′

′∈

= +∑y h n


, and ( ), ,ˆ , ln
lk n lk n p lkC τy y Q  . For case 1 

( andm n k k′≠ = ), case 2 ( andk k m n′ ≠ = ), and case 3( andk k m n′ ≠ ≠ ), lm
l k′′ ′h and ,ˆ lk ny  are 

independent. Thus,  

{ }2H
,ˆ( ) lm

lk n l k′′ ′y h { }H H
, ,ˆ ˆ( ) ( )lm lm

lk n l k l k lk n′′ ′ ′′ ′= y h h y
 

2H H H
, , ,tr( ) ( ) +( ) ) .lm l ln lm l lm ln lm lm

l k l k lk lk n l k l k lk n l k lk l k lk n l kλ λ′′ ′′ ′ ′′ ′′ ′ ′′ ′ ′′ ′ ′′ ′= + +R Q y R y h Q h y h（                (40) 

Case 4: k k′ = and m n= . 
In this case, ˆ ln

lkh  and lm
l k′′ ′h  are not independent. Define that ,ˆn ln

lk lk n l k′′= −c y h , then 

( ),n n ln
lk lk lkCc c Ξ  , where  ,

n ln
lk lk n l k′′= −c y h and 1ln ln l ln

lk lk l k l k
p u

λ
τ ρ ′′ ′′= −Ξ Q R . Then { }2H

,ˆ( ) lm
lk n l k′′ ′y h  

can be approximated as 
{ } { } { }2 2 2H H H

,ˆ( ) ( ) ) ( ) .lm n ln ln ln
lk n l k lk l k l k l k′′ ′ ′′ ′′ ′′= +y h c h h h                           (41)

 
Note that n

lkc  is independent of ln
l k′′h , thus                                                                     

{ }2 2H H H( ) ) tr( ) ( ) ( ) ( ) .n ln ln l ln n ln l n ln ln ln n ln
lk l k l k l k lk lk l k l k lk l k lk l k lk l kλ λ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′= + + +Hc h R Ξ c R c h Ξ h c h              (42)                    

Using the proposed technology in [26, Lemma4], { }2H( )ln ln
l k l k′′ ′′h h  is computed as                                         

{ }2 2H 2( ) tr( ) tr(( ) )+ln ln ln l ln l
lk lk l k l k l k l kλ λ′′ ′′ ′′ ′′= +h h R R                                          

2 4H2 tr( )+2( ) ).ln ln l ln ln l ln ln
l k l k l k l k l k l k l k l kλ λ′′ ′′ ′′ ′′ ′′ ′′ ′′ ′′+h R h R h h                            (43) 
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Then, combining all case, LS
l kk ll′′ ′  Γ can be written as 

{ }2LS Hˆ( )ln lm
l kk lk l kll′′ ′ ′′ ′  =  h hΓ                                                                  

H=tr( ) )lm l ln lm ln lm
l k l k lk l k lk l kλ ′′ ′′ ′ ′′ ′ ′′ ′+R Q h Q h（     

22 H H
, ,

2 4

2H H
, , ,

+tr(( ) ) ( ) ( )

tr( ) case 4

( ) ) Otherwise.

ln l ln l n ln
l k l k lk n l k l k lk n lk l k

ln l ln
l k l k l k

ln l lm
lk n l k l k lk n lk n l k

λ λ

λ

λ

′′ ′′ ′′ ′′ ′′

′′ ′′ ′′

′′ ′′ ′ ′′ ′

 + +

+ +

+ +


R y R y c h

R h

y R y y h（

                              (44)

  

 

(2) Compute LS
l k′′
Γ  

1) If  l l′≠ ,                                                      
{ }H Hˆ ˆ( ) ( )ln ln l n l n

lk l k l k l k
′ ′

′′ ′ ′′h h h h H Htr( ) )tr( ) )= ( (ln l ln ln l n l l n l n
l k l k l k l k l k l k l k l k

l l
λ λ ′ ′ ′ ′

′′ ′′ ′ ′′ ′′ ′′ ′′′ ′′′
′ ′′′∈ ∈

+ +∑ ∑R h h R h h
 

 

H( ) ,l k l k′′ ′′= z z                                                                                    (45) 
where 

T
1 1 1 1 H Htr( ) ),..., tr( ) )( (n n n Ln L Ln Ln

l k l k l k l k l k l k l k l k l k
l l

λ λ′′ ′′ ′′ ′ ′′ ′′ ′′ ′ ′′
′ ′∈ ∈

 
= + + 
 

∑ ∑z R h h R h h
 

. 

2) If  l l′= , similar to (36), 

{ } { } { }H H LS LS H 2
, , ,

ˆ ˆ( ) ( ) ( ,)ln ln ln ln
lk l k lk l k l kk nn l kk nn k n′′ ′′ ′′ ′′= −h h h h b b（ ）   Λ                             (46) 

(3) Compute LS
knZ  

{ }2LS n
kn lkll

  = Z w  

2
,

1 (tr( ).ln
lk lk n

p uτ ρ
= +Q y）                                                          (47) 

(4) Compute { }LS
,lkk nnb

 
{ } { }TLS H 1 H

, 1( ) ,..., ( )n n n Ln
lkk nn k lk Lk lk =  b w h w h     

1 1 1 1 Htr( ( ) ),...,n n n
lk lk l k lk

l
λ ′

′∈


= +


∑R h h


T
Htr( ( ) )Ln L Ln Ln

lk lk l k lk
l

λ ′
′∈


+ 


∑R h h


     
 

{ }= lkz                                                                                                           (48) 
Finally, substituting (44), (47) and (48) into (16), the desired uplink achievable rate can be 

obtained in (22). 
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