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ABSTRACT

To leverage multiplexing gain, a hybrid beamforming 
architecture transmitting multiple data streams is widely 
adopted for Millimeter wave (mmWave) channel. However, 
for ultra-low latency mmWave communication, the hybrid 
design must require the development of instantaneous 
channel estimation. In this paper, we reveal a novel idea of 
progressive channel estimation through iteratively refining 
multiple training beams. By the proposed algorithm, the 
capacity gain can be strongly improved in short training time. 
Simulation shows that when reaching more than 80% 
capacity gain of exhaustive searching estimation, our work 
only spends 5% training time of exhaustive one. Aiming at 
ultra-low latency mmWave communications, the proposed 
algorithm is very suitable. 
 

Index Terms Millimeter wave cellular system, 
channel estimation, low latency, hybrid beamforming. 

 
1. INTRODUCTION

 
Millimeter wave (mmWave) has been considered as an 

enabling technique for 5G cellular communications [1]. To 
achieve high spectral efficiency, a massive hybrid array 
structure which can provide spatial multiplexing gain by 
transmitting multiple data streams is proposed [2][3]. Many 
researches [4][5] have shown how to joint design hybrid 
beamforming matrix. However, for ultralow latency
mmWave systems, all proposed hybrid designs must rely on a 
nearly instant channel state information (CSI). Hence, a low 
complexity channel estimation must be developed.  

Multi-path sparsity and high-directivity of mmWave 
channel motivates the authors [6] to reveal a low complexity 
estimation algorithm. This algorithm utilized a hierarchical 
beamforming codebook set with a high angular resolution and 
estimates mmWave channel toward precise angular direction 
of realistic channel. For a multi-path channel, this angular 
directional algorithm iteratively estimates each channel gain 
along with its corresponding direction. Fig. 1(a) shows 
progress of beam transformation by performing the algorithm 

iteratively. However, to obtain accurate CSI, the angular 
resolution needs to be high, thus time consuming.  

In this paper, we concentrate on such ultra-low latency 
mmWave communications and develop a novel idea of 
progressively refining multiple beam, as shown in Fig. 1(b). 
The proposed algorithm is called progressive multi-beam 
estimation (PMBE). Three main techniques are as follows: 

(1) Fast MultiBeam Estimation: By concurrently estimating 
multiple beams toward coarse channel state information 
rather than single path with precise angular direction. 

(2) Progressive MultiBeam Estimation: The fast multi-beam 
estimation also can be executed iteratively and this 
procedure can be repeated until the end of training time 
constraint.  

(3) Simple Codebook Design of Hybrid Beamforming: We 
exploit an orthogonal hierarchical codebook set which is 
feasibly designed for the hybrid beamforming.  

In addition, the proposed PMBE also progressively 
estimates the multi-path channel. From our simulation results, 
our work leads to a progressive improvement of the spectral 
efficiency. Hence, a leaping spectral efficiency under ultra-
low latency requirement can be achieved.  This work was financially supported by the Ministry of Science and 

Techno-logy of Taiwan under Grants MOST 104-2622-8-002-002, and 
sponsored by MediaTek Inc., Hsin-chu, Taiwan. 
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(b) 

Fig. 1. Progress of beam transformations between two estimation algorithms 
over a four-path channel. (a) Angular directional algorithm [6]. (b) The 
proposed progressive multi-beam estimation. 
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The remainder of the paper is organized as follows. In 
Section , we give some background knowledge about the 
angular directional estimation. Section  presents the 
progressive multi-beam estimation. Section IV gives the 
simulation results and Section V concludes this paper.  
 
2. REVIEW OF BACKGROUND KNOWLEDGE

We use following notations for algorithm development.  
is a matrix,  is a vector and  is a scalar.  and  are 
the Frobenius norm and the determinant of . The 
superscripts T, H, and  -1 denote the transpose, conjugate 
transpose and inverse, respectively.  is a complex 
Gaussian vector with mean  and covariance matrix .  
denotes an  idendity matrix. 
 
2.1. Hybrid Array Architecture [2][3]

A single user mmWave system with hybrid structure is 
shown in Fig. 2. The transmitter and receiver are equipped 
with  transmit and  receive antennas respectively, 
sending independent data streams. The hybrid precoder is 
split into a  RF precoder  and a  
digital precoder . The  RF precoder expressed as 

 (1) 

is implemented by array of analog phase shifters,  
Similarly, the parallel structure is also applied to combiner 
( ), the elements of which are also phase quantized. 
 
2.2. Multipath mmWave Channel Model [2][3] 

Since mmWave channels are expected to have limited 
scattering, a geometric mmWave channel model based on the 
Saleh Valenzuela model can be expressed as 

, (2) 

where  is the number of clusters in the channel,  and  
correspond to the azimuth angles of departure and arrival  of 
the L-th cluster respectively and  is a complex 
gain of the L-th cluster. If an N-elements uniform linear array 
(ULA) is used, the array response vector is written as 

, (3) 

where  and  stand for the antenna spacing and the signal 
wavelength respectively.  

2.3. Multipath Channel Estimation [6] 
For a single-path mmWave channel, an angular directional 

algorithm estimating CSI by a hierarchical codebook design 
is revealed in [6]. This angular directional algorithm, similar 
to the tree searching algorithm, always concentrates the 
largest gain at each current codebook level and then shift to 
next level (higher level). As the searching method goes into 
the final level, a single-path composing of one AoA, one AoD 
and the largest path gain is estimated. 

This searching method can be easily extended to estimate 
multi-path channel path by path. For an L-path channel, this 
angular directional algorithm iteratively estimates L precise 
directions of AoAs and AoDs along with the corresponding 
gains. Hence, the estimated CSI can be rebuilt as  

, (4) 

where  is a estimated channel gain,  and  are 
two decided array response vectors related to its estimated 
AoD and AoA.  Fig. 3 shows the process of eigen-beam 
pattern by performing angular directional algorithm over a 4-
path mmWave channel. 

To obtain accurate CSI, the angular resolution of this 
searching method needs to be high. Hence, this author 
defined each beamforming vector of their codebook as a sub-
range of Angle of Arrival (AoA) or Angle of Departure 
(AoD), and also assumed that AoA and AoD can be taken 
from a uniform grid of N point. As the parameter N increases, 
narrower range of beamforming vector with a high resolution 

results in a better spectrum efficiency.  
However, for a ultra-low latency required system, it is time 

consuming to estimate sparsity channel with a high resolution. 
Most of this fine resolution is wasted because the channel 
capacity changed slightly at all when you are using fine 
resolution.  
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Fig. 2. Hybrid array architecture for mmWave transceiver 

`    
(a)                                             (b) 

    
                    (c)                                               (d)

Fig. 3. RX beam pattern process of  [6] by estimating path by path from (a) to 
(d). Red lines represent perfect eigen-beams toward four directions of the 
AoAs. Blue lines represent estimated eigen-beams by performing previous 
work with a high resolution, .  
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3. PROGRESSIVE MULTIBEAM ESTIMATION

Research [7] showed that any realistic MIMO channel can 
transform into a virtual channel representation (virtual 
channel resolution). The virtual channel representation,  
clearly reveals a lower-resolution channel structure as 

, (5) 

where  denotes an  (unitary) DFT matrix and  is 
an  matrix. To meet ultra-low latency requirement, 
we start from this structure and estimate virtual channel gains 
instead of precise angular directions with a high resolution. 
 
3.1. Hierarchical Codebook Structure

The proposed hierarchical precoding codebook consists of 
 level,  is the set of all precoding vector at 

the level To drive virtual channel gains, each beamforming 
vector at the highest level, S, should be orderly set to an 
column of  DFT matrices. Therefore, in each 
codebook level s, the precoding vector  is designed as  

(6) 

where  is a design parameter for codebook partition, and  
refers to a beamforming index of level s. Fig. 4 demonstrates 
a hierarchical codebook structure of a transmitter with eight 
antennas. Based on this codebook, to jointly design hybrid 
precoder can be easily solved by using OBMP 
algorithm [5]. Similarly, all the described techniques equally 
apply to the received combiner.  

3.2. Progressive MultiBeam Estimation (PMBE)
Fig. 5 shows the procedure of the PMBE algorithm and the 

proposed algorithm operates as follows: In the initial stage, 
the PMBE starts at a chosen level , and both  and 

  comprise of at least  beamforming vectors. Then, RX 
measures all channel gains (at least  gains) through 
adaptively switching all of TX and RX beamforming vectors 
at initial level. The RX compares these estimated gains and 
determines the -best dominant gains (with largest effective 
powers). Since all estimated gains are uncorrelated, the -
bestc chosen gains can be determined without any cross-
calculation. Each chosen gains also refers to a beam-pairs 
between TX and RX. 

After that, each of the chosen TX or RX beamforming 
vectors is divided into  new vectors to next level . 
Through switching TX and RX new vectors, gains are 
estimated at this level. Then, the RX selects -best gains of 
this level. We can proceed with the same process until  
(the virtual channel resolution) is achieved. After that, we can 
acquire  virtual channel gains,  Tx, and  RX 
beamforming indexes. We store their values into matrixes, 

, , and , respectively. At this point, the fast multi-
beam estimation is completed once. 

 
Algorithm : Progressive MultiBeam Estimation 

Require: , , , , , K
Initialization:

 

//store best K channel gains  
 

                     //Measure channel power gain (one time slot) 

             //Remove the estimated virtual channel gains 

 

   

 do
 

,
.

 
If the training time is not ended, we can perform the fast 

multi-beam estimation to following iterations. The process of 
the following iterations, similar to previous process, is to 
detect next -best virtual channel gains of each level after 

 
Fig. 4. An example of a hierarchical precoding codebook for a transmitter 
with eight antennas and with a partition parameter, M=2.  

 
Fig. 5. Procedure of progressive multi-beam estimation under hybrid 
beamforming architecture. 
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removing the contributions of the previously estimated gains. 
After performing another fast multi-beam estimation, we 
acquire and store the following  virtual channel gains,  
TX and  RX beamforming indexes into matrixes, , , 
and , respectively. This iterative procedure can be 
executed until the end of the training time. Finally, estimated 
multi-path channel can be constructed as  

where p is the number of the iterations.  
 
4. BEAM PATTERN AND CAPACITY ANALYSIS

The spectrum efficiency for hybrid beamforming can be 
calculated as follows: 

(8) 

where  is the noise covariance 
matrix, and  is an estimated mmWave channel. Here, we 
design hybrid beamforming matrix by SOMP algorithm [6]. 

For following simulations, we let mmWave channel with 
 We design hybrid array parameters as 

 , and analog quantization 
bits is . The codebook partitions of the angular directional 
and the proposed algorithms are equal to two ( ).  

 
4.1. Progressive Refinement of Eigenbeam Pattern

By performing SVD on we derive TX and RX eigen-
beams which are composed of right and left singular vectors 
of  , respectively and plot them on the eigen-beam pattern.
Fig. 6. shows the average RX eigen-beam pattern by 
performing the PMBE algorithm fifty times over the identical 

channel of Fig. 3. From (a) to (c), the number of the iterations 
are 1, 3,and 5, respectively  According to this result, the 
estimated eigen-beam pattern of RX (blue lines) further 
approach to the perfect eigen-beam pattern (red lines) by 
preforming PMBP. Compared with angular directional 
algorithm deriving the eigen-beam directions path by path (in 
Fig. 3.), the proposed leads to a progressive refinement of 
eigen-beam pattern. 

4.2. Progressive Improvement of Spectral Efficiency
In Fig. 7, by performing the PMBE, the capacity gain is 

strongly improved in short training time, and then slightly 
improved with more training time slots. Therefore, the PMBE 
leads to a progressive improvement of spectral efficiency.  

Compared with exhaustive search estimation, more than 
80% capacity gain of the exhaustive estimation can be 
reached at only 860 time slots (5 iterations of the PMBE). 
However, the angular directional algorithm should spend 
1280 time slots (4 iterations of the angular directional 
algorithm) to achieve the same capacity gain. Moreover, 
frequency of capacity improvement of our work is more often 
than that of the angular method. Hence, the PMBE always 
brings capacity leap than other algorithm, especially with 
fewer training time slots, as shown in Fig. 7.   
 

5. CONCLUSIONS

This work concentrates on the low complexity channel 
estimation algorithm for ultra-low latency mmWave systems. 
We proposed an effective PMBE algorithm, which trends to 
concurrently estimate multi-beam gains instead of channel 
gain of the precise direction. From our simulations, the 
proposed algorithm leads to progressive eigen-beam pattern 
and improvement of the spectral efficiency, especially in 
short training time. Hence, the PMBE is suitable for ultra-low 
latency requirement system.  

 (7) 

(a)  

   
(b)                               (c)  

Fig. 6. RX eigen-beam pattern process by iteratively performing the PMBE 
under . Parameter represents the number of iterations. As a results, 
the progressive estimation leads to a progressive eigen-beam pattern.  

 
Fig. 7.  Comparison of the training overhead with other estimation methods 
under . Compared with other cases, the PMBE leads to a progressive 
performance by performing iterations, especially in short training time slots.  
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