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1. Introduction 

Last decades have witnessed ever-increasing demand 

for higher data rates in wireless networks. To cater for 

this demand, many advanced physical layer techniques 

have been developed, e.g., multiple input multiple 

output (MIMO) with orthogonal frequency division 

multiplexing (OFDM). However, with linear 

throughput improvement but the exponential growth on 

the data traffic, the gap between the demand and 

supply has been increasingly widened. To solve the 

problem, the next technology we could resort to is 

massive MIMO (a.k.a. large-scale MIMO, full-

dimension MIMO, or hyper MIMO), which 

significantly increases the system capacity by 

employing a large number of antennas at the base 

station. As an emerging and promising technology, 

large-scale MIMO also enjoys many advantages such 

as low-power, robust transmissions, simplified 

transceiver design, and simplified multiple access layer 

[1], [2], in addition to enhanced capacity. 

 

In general, the more transmit antennas, the more 

degrees of freedom a massive MIMO system can 

provide, resulting in higher reliability or larger 

throughput. However, due to the difficulties of 

acquiring channel state information at the transmitter 

side (CSIT), it is challenging to simultaneously support 

a large number of users [2]. Most of the existing works 

on massive MIMO systems consider the time division 

duplexing (TDD) mode [3]-[5], within which by 

exploiting channel reciprocity, the downlink channel 

can be estimated through uplink training. Unfortunately, 

there is no such privilege in frequency-division-

duplexing (FDD) systems. 

 

There are much more FDD ( ) than TDD ( ) 

LTE licenses worldwide. It is therefore of great 

importance to investigate the massive MIMO design 

for FDD systems. To reduce pilot resources and the 

channel state information (CSI) feedback in FDD 

systems, a two-stage precoding scheme has been 

proposed in [6] recently. Firstly, the users in service are 

divided into groups, while each group of users have 

similar second-order channel statistics (i.e., transmit 

correlation). The same pre-beamforming, or the first-

stage precoding, is then used for each group of users 

semi-statically. Next, with reduced dimensions on the 

effective channel, simplified channel feedback can be 

realized and the second-stage dynamic precoding can 

be applied. The performance of such system design is 

largely dependent on user grouping. In [7], a K-means 

clustering scheme, based on chordal distance as the 

clustering metric, is introduced for user grouping. In 

this letter, instead of chordal distance, we propose 

weighted likelihood similarity measure and hierarchical 

clustering. By theoretical analysis and simulations, we 

validate the proposed approaches. 

Once user groups are formed, another important issue 

is user scheduling, i.e., selecting users for transmission 

based on instantaneous channel conditions. In this 

letter, we propose a dynamic user scheduling method. 

If there are only a few active users, some groups may 

barely have users while some other groups are 

overloaded. Therefore, we also consider the load 

balancing problem and develop an effective solution 

algorithm. Note that some results can also be found in 

[8][9].  

 

2. Problem Statement and Main Results 

We consider a downlink system with M antennas at the 

base station (BS) and a single antenna at each user 

terminal (UT). Denote  as the received signal at 

user , . The signals received by all UTs y 

can be written as 

𝑯𝑩𝑷𝑑+𝑧,   (1) 

where  denotes the Hermitian of a matrix;  of 

dimension , is the actual channel between the 

BS and the users;  is the precoding matrix of 

dimension ; d is the data vector of dimension 

 ×1; and z is the zero mean circulant symmetric 

complex Gaussian noise vector. The key idea is to 

decompose  into  and , where  is pre-

beamforming matrix of dimension ;  of 

dimension , is designed to suppress the 

interferences within each group.  

 

1) User grouping schemes. 

To design the pre-beamforming matrix 𝑩, we need to 

group users. Different from the chordal distance based 

K-means user grouping scheme [7], we first propose a 

weighted likelihood function as the similarity measure 

between a user and a group, which is defined as: 

2  (2) 
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In addition to the new similarity measure, we also 

propose new user grouping schemes, which employs 

the agglomerative hierarchical clustering method. 

Different from the K-means approach, which 

essentially looks at all possible combinations of users 

and groups, the agglomerative hierarchical clustering 

method starts with each individual user forming a user 

group. It then proceeds by a series of successive 

mergers based on certain criteria. Eventually, all users 

can form one single group. We can terminate the 

scheme when the desired number of groups is reached. 

One important issue in hierarchical clustering is how to 

define the similarity measure or distance between 

existing groups and newly defined groups (called 

linkage methods). We propose to use weighted average 

linkage as follows. 

𝑞)/2,   (3) 

𝑞 are groups. 

Given chordal distance, weighted likelihood similarity, 

K-means clustering and hierarchical clustering, we 

could combine either two of them to form a complete 

user grouping scheme. 

Proposition 1: The complexity of K-means clustering 

2)) for weighted likelihood similarity measure, where 

 is the effective rank of , i.e., the number of 

𝑘. 

Proposition 2: The complexity of hierarchical 

clustering is   for chordal 

2)/2) for weighted likelihood similarity measure. 

 

2) User scheduling scheme. 

With user groups being formed, we can obtain the pre-

beamforming matrix  for each group g. At a 

particular time slot, based on the instantaneous channel 

conditions of the users, we dynamically schedule a 

subset of users in each group for the transmissions in 

this time slot. 

In [7], a MAX and an ALL user scheduling algorithm 

are presented. Different from these approaches, we 

propose a dynamic user scheduling algorithm that 

schedules users in a greedy manner. In particular, at 

each step, the proposed algorithm only schedules the 

user that can achieve the largest gain in the system 

throughput. The proposed algorithm is presented in the 

Algorithm 1. 

 

3) Load balancing scheme. 

In practical applications, many users may gather at one 

geographic location (e.g., in a skyscraper). If we design 

the precoder exactly as discussed, these users will form 

a big group. It would be desirable to offload some of 

the users to other groups, to achieve fairness among the 

users. This is because with more members in a group, 

each member's chance of getting scheduled for 

transmission will be smaller. 

 
Algorithm 1. Greedy Algorithm for Dynamic User 

Selection and Beamforming. 
 

We develop a user grouping method considering group 

load balancing and user proportional fairness. The 

problem can be formulated as: 

 
  is 1 if user k is connected to group g, and 0 otherwise; 

 is the rate for user k in group g. By adopting a two-

tier dual decomposition approach, we could obtain the 

optimal solution to the above problem. 

 

3. Performance Evaluation 

Simulations are performed to evaluate the proposed 

schemes. We fix  and group number 𝐺=6. 

0 100 200 300 400 500
40

50

60

70

80

90

100

110

120

130

140

K

S
u

m
 r

a
te

(b
it
s
/s

/H
z
)

 

 

K-means, CHD, MAX

HIER, CHD, Greedy

HIER, WLD, Greedy

HIER, WLD, MAX

K-means, CHD, Greedy

 
Fig. 1 System sum rate versus the number of users. 
 

We can see from Fig. 1 that all our proposed schemes 
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outperform the scheme in [7]. In particular, hierarchical 

clustering greedy user selection with weighted 

likelihood has the highest system throughput.  
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Fig. 2 Group sizes for user grouping with joint group load 

balancing and precoding design when . 

 

We can see from Fig. 2 that the maximum difference of 

the scheme without considering load balancing is 12, 

while this number is 4 in our proposed iterative scheme. 

Thus the loading of users is much more balanced in our 

proposed scheme. 

 

4. Conclusions 

In this letter, we have studied the user grouping and 

scheduling problems based on a two-stage precoding 

framework for FDD massive MIMO systems. We have 

proposed weighted likelihood similarity measure and 

hierarchical clustering for user grouping. We have also 

proposed a dynamic user scheduling scheme and a user 

grouping algorithm to achieve load balancing and user 

fairness for FDD massive MIMO systems. The efficacy 

of the proposed schemes has been validated with 

analysis and simulations. 
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