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摘要—MIMO 偵測器的功用主要是在接收端將收

到的訊號，回復為原始的傳送端之 symbol。最大

相似度偵測法是公認最佳化的演算法，有著最好

的偵測效能，但運算複雜度將會隨著調變群集和

傳送天線數目大小而呈指數型增加。因此 K-Best
球型解碼演算法就被提出來，他可以得到近似最

大相似度偵測法的結果，並解決運算複雜度過多

的問題。K-Best 球型解碼演算法在計算完部份歐

幾里德距離後，需要取最小 K 個值做為候選點，

在往下層去找候選點。因此需先將部份歐幾里德

距離的結果做排序，再取出最小 K 個值。選取越

多的 K 參數值，就越趨近最大相似度的偵測效

能，但等待排序的資料量會變很大。因此本專題

將針對 MIMO 偵測器的排序系統進行比較和改

良，並改良出一個硬體體積小且速度快的排序電

路，結合 bitonic merge 排序與奇偶排序提升其吞

吐量與硬體效益。 
關鍵詞: 多輸入多輸出，偵測器，排序。 
 
Abstract—This paper proposed a high-throughput modified 
merge sorting for multiple-input multiple-output (MIMO) 
detection systems. The maximum likelihood detection (MLD) 
is an optimal detection method for MIMO communication 
systems, which is challenged by high computational 
complex-ity. Consequently, K-best decoding algorithm 
guarantees a fixed throughput and reduces the computational 
complexity. In order to achieve high throughput performances, 
the K candidates need to be fast sorting. This work presented 
the modified merge sorting which has combined the bitonic 
merge sorting with the odd-even merge sorting. By using the 
synthesis tool to analyze hardware structure, we can finally 
find out that the proposed modified merge sorting has high 
throughput and the best hardware efficiency. 
Key Word: MIMO, Detector, Sorting. 
 

I. INTRODUCTION 
Multiple-input multiple-output (MIMO) systems have 
interested considerable research attentions in the wireless 

communication field. Recently, there have been many studies 
on practical techniques to realize the high channel capacity in 
MIMO systems. It has been shown in [1],[2] that high data rate 
wireless communication near Gb/s can be achieved in wireless 
local area networks (WLANs). The main challenge of the 
receiver design for MIMO systems lies in the detection of 
disorderly constellation. The MIMO techniques can basically 
be classified into space time coding (STC) and space division 
multiplexing (SDM) groups. STC increases the channel 
capacity of the wireless communication system by coding over 
different transmitter channels [3], whereas SDM employs 
multiple transmit and receive antennas and simultaneously 
transmits parallel data streams over all available spatial 
channels [4]. Especially, the high throughput technology has 
been discussed in SDM systems. 

MIMO detector receives the signal and recovers it to the 
original transmitted symbol. Maximum likelihood detector 
(MLD) is the optimal detector and has the best performance. 
The challenge of MLD is the high computational complexity. 
K-Best decoding algorithm has been proposed to reduce the 
computational complexity [5]. K-Best decoder algorithm 
computes Partial Euclidean Distance (PED) and only keeps the 
best K nodes that have the smallest accumulated PEDs. After 
completing breadth-first tree search, we will have K leaves 
with the smallest PEDs. Therefore, K-Best algorithm is to find 
the K smallest PEDs and require an efficient sorting algorithm.  

An improved sorting algorithm for K-Best MIMO detector is 
designed in this work. The sorter is based on the merge sorting 
and is much faster than the commonly used bubble sorting. The 
merge sort includes bitonic merge sorting and odd-even merge 
sorting. Owing to the better regularity structure of bitonic 
merge sorting [6] and the better hardware area efficiency of 
odd-even merge sorting [7], this work has proposed the 
modified merge sorting which has combined the bitonic merge 
sorting with the odd-even merge sorting. 

This paper is organized as follows. Section II describes the 
MIMO detection including system model. Sorting architectures 
design are given in Section III. Section IV shows simulation 
results, and Section V concludes the paper. 

II. MIMO DETECTION 
A.  MIMO System Model 

To increase the data rate of the wireless communication, the 
spatial multiplex is used in the MIMO system with Nt 
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transmitted antennas and Nr received antennas. The baseband 
equivalent model can be described in Eq. (1). 

          Y=HS+n                           (1)    

At each symbol time, a vector S =[s1,s2,..,sNt ]T with each 
symbol belonging to the q quadrature amplitude modulation 
(q-QAM) constellation passes through the channel response 
NrNt matrix H. The received vector Y= [y1,y2,..,yNr ]

T at the 
receiving antenna for each symbol time is a noisy 
superimposition of the Nt signals contaminated by additive 
white Gaussian noise (AWGN). 

The complex matrix Eq. (1) can be transformed to its real 
matrix representation as Eq. (2). 
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              (2) 

B. K-Best Sphere Decoding Algorithm 

The ML detector is the optimum detection algorithm for 
the MIMO system. It requires finding the signal point S from 
all transmit vector signal set that minimizes the Euclidean 
distance with respect to the received signal vector y with 
QR-decompositions as given in Eq. (3) ： 

ˆ ˆarg arg
2 2

s min -HS min -RS Y y                   (3) 

Expanding the vector norm in Eq. (3) yields into Eq. (4) ： 

1

2

ˆ ˆarg
Nt

j i

Nt

i ii i ij j

i=1

s min y R S R S
 

                      (4) 

The detection process starts from the last layers l=Nt and 
works the way until the first layer is detected. It is to perform 
an exhaustive search of all possible combinations of the 
transmitted symbols that minimizes 2

Y-HS .  

The branch cost function associated with nodes in the i-th layer 
is： 

                 
    1
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Nt
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j i
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Each node in the tree corresponds to a so-called partial 
Euclidean distance （PED）Ti(s (i )) ,where TN t+1(s

(N t+1)) = 0 and 
term | e i(s

(i) )| 2 denotes the distance increment between two 
successive nodes in the tree. 

At each layer, K-best detector approximates a breadth-first 
search by keeping only K candidates with the smallest PEDs 
are kept for the next level search. Therefore, at least K values 
need to be implemented with circuits. To meet the requirement 
of K-best detector system, a more popular sorting architecture, 
including bubble sorting, bitonic merge sorting and odd-even 
sorting, has been proposed, the modified merge sorting which 
can achieve fast sorting. 

 

III. SORTING ARCHITECTURES 
A. Bubble Sorting 

Bubble sorting is the most common sorting technique, as 
shown in Figure 1. If there are n data (I1,I2,…In) waiting for 
sorting, on the 1st, 2nd, …nth position, the first and the second 
data (I1,I2) will compare themselves with each other. The 
smaller results will be pushed down and the larger results will 
be pulled up. Similarly, comparing the second and the third 
data, pushing the smaller results down and pulling the larger 
ones up and so on. The minimum value can then be obtained 
from the first loop and the second minimum value from the 
second loop. Only eight minimum values are required in this 
work. After obtaining the eight minimum values from eight 
loops, sorting will be finished. 

Therefore, when there are n data waiting for sorting, (n-1) 
loops will be needed. The first loop will give out the first 
maximum value by comparing (n-1) times while the second 
loop will give out the second maximum value by comparing 
(n-2) times. The time complexity will be O(n2). Figure 1 
deduces that we need n(n-1)/2 comparisons. 

In1
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In4
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Out7

Out8  
Figure 1.  Diagram of bubble sorting. 

B. Parallel Bubble Sorting 

We can notice from the previous section that the sorting time 
and the waiting time of bubble sorting are in proportional 
relationships. In order to save time, comparison of I3 and I4 of 
the first loop and comparison of I1and I2 of the second loop will 
be carried out simultaneously. Therefore, at the same unit time, 
there will be different data processing, as shown in Figure 2. 
This method is called parallel bubble sorting whose time 
complexity is O(2n-3), requiring n(n-1)/2 comparisons. 
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Figure 2.  Diagram of parallel bubble sorting. 
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C. Bitonic Merge Sorting 

Bitonic merge sorting means using two sorted sub-sequence for 
merging and sorting. For any sequence, we first divide the 
waiting data into groups of two, which we call Bi2. Then we 
merge pairs of Bi2 into four-input-four-output Bi4s. The output 
sequence (Out1~Out8) values are arranged from large to small. 

For a n-input bitonic sorter, when it sets a bitonic sorting 
network, it forms a sequence according to Bi2,Bi4,…,Bi(n), as 
shown in Figure 3. Its time complexity is the sum of all the 
bitonic comparison orders, O( 2 2(log (log 1)) / 2n n  ). 

Figure 3 deduces the number of comparisons required which 
is : 

2 2( ) log (log 1)
4B

n
F n n n                    (6) 

Bi2 Bi4 Bi8
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In3

In4

In5

In6
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Out5

Out6

Out7

Out8

 
Figure 3.  Diagram of bitonic sorting. 

D. Odd-Even Merge Sorting 

Odd-Even merge sorting is another merge sorting suggested by 
Batcher [7]. Different from bitonic sorting, odd-Even merge 
sorting uses two arranged sequence(A1~A4 and B1~B4) to 
merge sort odd numbers and even numbers respectively, as 
shown in Figure 4. 

However, our input values need to be random numbers. 
Therefore, division must be done first, for any sequence, like 
bitonic. Divide the waiting data into groups of two, which we 
call Oe2, and then merge pairs of Oe2 into 
four-input-four-output Oe4s until the sorting is finished. Its 
time complexity is the same as bitonic merge sorting, 
O( 2 2(log (log 1)) / 2n n  ), and  comparisons are : 

( ) 2 ( ) ( )
2O

n
F n F T n                               (7) 

where  2( ) (log 1) / 2) 1T n n n    and F(1)=0. 
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Figure 4.  Diagram of odd-Even merge sorting. 

E. Modified Merge Sorting 

The requirement in this paper is 64 inputs but 8 minimum 
outputs.  To prevent from finishing the whole sorting, this 
paper has make some improvements, making bitonic sorting 
better regularity and odd-even sorting better hardware area 
efficiency. Taking the advantages above, the time complexity is  

O( 2 2(log (log 1)) / 2n n  ), with the least number of  

comparisons. When n ﹥8, the required  comparisons will 
be : 

( ) 2 ( ) 20
2M M

n
F n F                         (8)  

when 8n  , the number of required  comparisons will be the 
same as the odd-even merge sorting. 

According to Table I and Table II, bubble sorting needs less 
comparisons but longer periods; parallel sorting requires less 
periods but still not fast enough, for K-best detector system 
needs high speed sorting circuit. From Table I, the periods of 
bitonic merge sorting, odd-even merge sorting and modified 
merge sorting are the same fast, but the hardware area 
efficiency in modified merge sorting is the best, with the least  
comparisons for sorting. 

 
Figure 5.  Diagram of modified merge sorting. 

TABLE I.  COMPARISONS OF TIME COMPLEXITY 

Sorting Type 
Input Data (n) 
16 32 64 

Bubble sorting (O) 256 1024 4096 
Parallel bubble sorting 
(O) 

29 61 125 

Bitonic merge sorting 
(O) 

10 15 21 

Odd-Even merge sorting 
(O) 

10 15 21 

Modified merge sorting 
(O) 

10 15 21 

TABLE II.  NUMBER OF REQUIRED COMPARATORS 

Sorting Type 
Input Data (n) 
16 32 64 

Bubble sorting 1 1 1 
Parallel bubble sorting 8 16 32 
Bitonic merge sorting 68 156 332 
Odd-Even merge sorting 63 191 543 
Modified merge sorting 58 136 292 
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IV. SIMULATION AND IMPLEMENTATION 

RESULTS 
Most of the sorting circuits are basically composed of 
comparators. Figure 6(b) shows the defined comparator 
module, simplified in Figure 6(a). After comparing by the 
comparator, the Buffers will keep the data and the operating 
frequency can speed up, like the pipeline structure. Figure 7 is 
the proposed modified merge sorting structure. Like the 
pipeline structure, the 8 comparators can compare at the same 
time, therefore, fast sorting. 

Figure 8 shows the simulation of the proposed modified merge 
sorting. Input 16 random values and then output 8 minimum 
values. Comparing all the sorting hardware data, as in Table 3, 
all kinds of sorting will have 64 inputs, containing 8-bit for 
each. By using the synthesis tool to analyze hardware structure, 
we can finally find out that the proposed modified merge 
sorting has high throughput and the best hardware efficiency. 
This paper has used ISE Xilinx device xc4vlx60-12ff1148 for 
FPGA hardware simulation and layout. The utility rate is 
shown as Table IV which also shows that the proposed utility 
rate suit the system best. 

Buf

Buf

Max

Min

In1

In2

reset

clk

8

8

8

8

comparator

In1

In2

Max

Min

(b)

(a)

 
Figure 6.  (a) Simplified comparator. (b) Comparator hardware 
structure. 
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In12

In13

In14

In15

In16

Out1

Out2

Out3

Out4

Out5

Out6

Out7

Out8

 
Figure 7.  Hardware architecture of the Modified merge sort. 

 

 
Figure 8.  Simulation Result with the Modelsim. 

TABLE III.  ARCHITECTURE SYNTHESIS RESULTS 

Sorting 
Bubbl
e 

Paralle
l 
bubble 

Bitonic 
merge 

Odd-Eve
n merge

Modifie
d merge

Area(mm2

) 
0.080 0.049 0.348 0.331 0.306 

Operation 
Frequency
(MHz) 

85 85 85 85 85 

Throughp
ut 
(Mbps) 

0.166 5.44 680 680 680 

Power 
(mW) 

11.97
8 

36.603 45.910 48.129 44.794 

TABLE IV.  DEVICE UTILIZATION RESULTS WITH XILINX 

FPFA 

Sorting 
Bubbl
e 

Paralle
l 
bubble 

Bitonic 
merge 

Odd-Eve
n merge

Modifie
d merge

Number 
of Slice 

4% 3% 9% 9% 8% 

Number 
of  
LUTs 

71% 10% 14% 12% 12% 

 

V. CONCLUSION 
This paper has made analysis and structure design on the 
sorting network of MIMO K-best detector in wireless 
communication. It has proposed a sorting called modified 
merge sorting which has taken the advantages of the superior 
structure of bitonic merge sorting and the small hardware of 
odd-even merge sorting. The hardware of the proposed one is 
even smaller than the odd-even one. For the sake of MIMO 
detector, this paper has implemented a 64-input modified 
merge sorting structure. When the operating frequency is at 
85MHz, throughput can reach 680Mbps. 
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Power – A layperson’s views 

Jordan Plofsky  
Altera Malaysia 

The semiconductor industry – the 
challenges ahead and the emergence of a 
new business model to overcome the 
challenges in SOC development 
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Eric WP Chan  
Embedded and 
Communications Group (ECG) 
Malaysia  

Rise of Embedding Computing 

Mike Kawasaki 
Agilent Electronic Instruments 
Marketing Manager and 
Worldwide Education Program 
Manager  

New Technologies and Their Measurement 
Challenges 

 

第二天開始便是一連串的論文報告，連續三天的 Presentation，而此會議

的 Technical Sessions 一共有 59 Sessions 每個場次有六或七個題目的

Presentation，本論文則被安排在 12 月 9 日 Technical Sessions 之 RM9-S8 RF 

CircuitsVI。 

 

本論文主要針對多輸入多輸出正交分頻多工（MIMO-OFDM）之低功率

頻率漂移與 IQ 不平衡補償架構進行設計與製作，為提高整個補償的速度與性

能，本論文創新將頻率漂移與 IQ 不平衡補償結合於晶片中，以硬體完成整個

補償電路之製作，本論文並針對頻率漂移與 IQ 不平衡補償電路作一完整的分

析與設計，經量測結果證明此晶片可完成 MIMO-OFDM 系統之同步工作。 

 

二、 與會心得 

 

參加此次研討會感受到學術交流的盛況，不論從會場外或會場內那種學

術氣息讓人感覺到十分莊嚴，會議開始第一天主要安排報到行程所以氣氛較

輕鬆，而會議第二天以後就開始真正論文研討會的探討，在大廳到處可看到
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每個演講者正在準備下一場的報告，而在演講廳內已經如火如荼的展開一系

列的論文探討，聽了幾個場次的論文報告覺得國外研究做的相當出色，而且

各個領域的研究都在此能看到，所以能讓我對其他研究有更近ㄧ步的啟發。 

    本論文報告就在會議的第四天，一早起來就再次準備要報告的內容，一

直到下午才由我上台報告，在報告過程中還蠻順利，所以對於參加國際研討

會也有更深的體會，本論文報告結束後心情就比較放鬆，所以接下來的會議

行程也比較愉快的心情去參與。整個研討會會議結束後，也完成此次國際性

學術交流的目的，也讓我對研究領域的擴展助益良多。 

 

三、 建議 

    感謝國科會對國內學者補助參與國際研討會所需費用，希望未來能繼續支

持國內學者補助參與國際研討會。 

 

四、 攜回資料名稱及內容 

 

    參加此次研討會帶回2010 IEEE Asia Pacific Conference on Circuits and 

Systems (Proceedings CD ㄧ片) ，內容包括了所有的會議論文。 

    本人出國參加此次國際會議獲得國科會之補助，獲益良多，在此致上最深

忱的謝意。 
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五、 其他 

 

在此附上 2010 IEEE Asia Pacific Conference on Circuits and Systems 研討會

會場照片與開會議程表。 

 
 

 
報到會場照片紀錄 
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研討會行程表 
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報告行程表 
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Call for Paper 
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