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Abstract—In this paper, a low-complexity and low-
power soft output multiple input multiple output 
(MIMO) symbol detector is proposed for mobile 
devices with two transmit and two receive antennas. 
The proposed symbol detector can support both the 
spatial multiplexing mode and spatial diversity mode 
in single hardware and shows the optimal maximum 
likelihood (ML) performance. By applying a multi-
stage pipeline structure and using a complex 
multiplier based on the polar-coordinate, the 
complexity of the proposed architecture is 
dramatically decreased. Also, by applying a clock-
gating scheme to the internal modules for MIMO 
modes, the power consumption is also reduced. The 
proposed symbol detector was designed using a 
hardware description language (HDL) and 
implemented using a 65nm CMOS standard cell 
library. With the proposed architecture, the proposed 
MIMO detector takes up an area of approximately 
0.31mm2 with 183K equivalent gates and achieves a 
150Mbps throughput. Also, the power estimation 
results show that the proposed MIMO detector can 
reduce the power consumption by a maximum of 85% 
for the various test cases.     
 
Index Terms—MIMO, ML, spatial diversity, spatial 
multiplexing, symbol detector   

I. INTRODUCTION 

Recently, the demand has continued to increase for 
higher data rates and improved multimedia services 
through wireless internet access. As such, mobile devices 
such as smart-phones, portable media players (PMPs), 
laptops, digital cameras, and tablet PCs with built-in 3rd 
generation partnership project (3GPP) long-term 
evolution/advanced (LTE/A) and IEEE 802.16e/m 
mobile worldwide interoperability for microwave access 
(WiMAX) are gaining in popularity [1, 2]. 

In order to increase the data rate and link reliability, 
3GPP LTE/A and IEEE 802.16e/m WiMAX systems 
incorporate MIMO transmission schemes [3, 4]. Since 
the hardware complexity increases with the number of 
transmit data streams and mobile devices have limited 
physical dimensions, an MIMO system with two 
antennas at both the transmitter and the receiver (2×2) is 
considered to be a possible solution for mobile devices. 
For this reason, this paper focuses on the efficient design 
of 2×2 MIMO symbol detector. 

MIMO techniques can basically be classified into 
spatial diversity (SD) schemes and spatial multiplexing 
(SM) schemes [5]. In an SM scheme, since independent 
data streams are transmitted from the individual transmit 
antennas, the overall data rate is increases significantly as 
the number of transmit antennas increases. Meanwhile, 
since SD systems transmit multiple streams bearing the 
same information, link reliability is considerably 
improved from the spatial diversity gain even though 
there is no increase in data rate.  

In an SD scheme, the optimal ML symbol detection 
can be easily accomplished with a simple linear 
combination at the receiver [6]. However, since the ML 



256 SOOHYUN JANG et al : LOW-COMPLEXITY AND LOW-POWER MIMO SYMBOL DETECTOR FOR MOBILE DEVICES WITH … 

 

detection (MLD) for SM schemes requires an exhaustive 
search for all transmitted symbols from all transmit 
antennas, its complexity is proportional to TNM , where 
M is the constellation size and NT is the number of 
transmit antennas, and exponentially increases as M and 
NT increase. Therefore, its real-time implementation is 
infeasible when a large number of antennas are used 
together with a high constellation size such as 64QAM. 

As an alternative to the MLD, the sphere detection 
(SPD) algorithm [7] was introduced and was further 
discussed in various publications [8-11]. In order to 
avoid the exponential complexity of the MLD, the search 
for the closest lattice point is restricted to include only 
vector constellation points that fall within a certain 
search sphere. This approach allows the ML solution to 
be found with only polynomial complexity for 
sufficiently high signal-to-noise ratio (SNR) [9]. 
However, SPD has a disadvantage in that the 
computational complexity varies with different signals 
and channels. Hence, the detection throughput is non-
fixed, which is not desirable for real-time hardware 
implementation. To resolve this problem, an MLD with 
QR decomposition and an M-algorithm (QRM-MLD) 
[12, 13] was proposed. At each search layer in QRM-
MLD, only the best M candidates are kept for the next 
level search and therefore, it has a fixed complexity and 
throughput that is suitable for the pipeline hardware 
implementation. However, since these algorithms, which 
are based on the tree search, rely on the computation of 
many path metrics by using QR decomposition, the 
complexity is still exponentially increasing with the 
number of transmit antennas [12].  

In order to solve these complexity problems, the 
vigorous research has been conducted in recent decades 
[14-18]. Among them, a modified ML (MML) detection 
algorithm [14], which would reduce the complexity by 
the ratio of 1/M, was proposed, and was applied to 
several implementations such as [15] and [17]. Since 
recent communication systems mostly support two 
transmit and two receive antennas to be incorporated into 
a mobile device, MML detection can be considered as 
suitable for the symbol detector of those systems because 
its complexity is proportional to only M. Moreover, 
MML detection does not require the complex matrix 
computation such as QR decomposition.    

Although MML detection provides a lower amount of 

complexity than the classical ML detection, its 
complexity and power consumption are still too high to 
be implemented in real time for mobile devices, 
especially when supporting 64QAM, because 64 
complex calculations for the Euclidean distance (ED) 
should be performed in parallel. Also, since SD schemes 
such as space-time block coding (STBC) and space-
frequency block coding (SFBC) should be supported 
together with the SM scheme in most systems, the design 
of the efficient hardware architecture is really important 
for the MIMO symbol detector.  

In this paper, we propose a low-complexity and low-
power 2×2 MIMO symbol detector supporting both SD 
and SM modes, and its design and implementation results 
are presented. By fully sharing the common function 
blocks and applying multi-stage pipelining, the proposed 
detector is implemented with very low-complexity. Also, 
by applying a clock-gating scheme to the internal 
modules that are only used for the SM mode, the average 
power consumption of the proposed detector is 
dramatically decreased.  

This paper is organized as follows: In Section II, the 
MIMO system model is presented, and ML and MML 
symbol detection algorithms are introduced in Section III. 
The hardware architecture for the proposed symbol 
detector is described in Section IV, and the 
implementation results are presented in Section V. Finally, 
Section VI concludes the paper.  

II. SYSTEM MODEL  

Fig. 1 depicts the MIMO system model with 2 transmit 
and 2 receive antennas. The receive signal vector is given by   
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where , ( 1, 2)jx j =  is the signal transmitted from the j-

th transmit antenna, , ( 1, 2)iy i =  is the signal received 

from the i-th receive antenna, and ,j ih  is the fading 

channel coefficient. Also, in  is independent and 
identically distributed (i.i.d.) complex zero-mean 
Gaussian noise with variance 2s  per dimension.  
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III. SYMBOL DETECTION ALGORITHM 

1. Soft-ML Symbol Detection Algorithm  
 
The soft-output symbol detector generates a posteriori 

probability of the received bit being a 0 or 1, expressed 
as a log likelihood ratio (LLR). From the received signal 
vector y, the soft information about each coded bit 
comprising the transmitted symbol vector X is defined in 
the form of an LLR by  
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where bk,l is the l-th bit from the k-th transmit antenna for 
l=1,···, M and k=1,···, NT, and log(-) represents the natural 
logarithmic function. Pr[bk,l=a|y] denotes the conditional 
probability that takes the value of ‘a’ for a given y. By 
approximating via Bayes’ rule and max-log 
approximation, the LLR values for the soft-output ML 
symbol detector with two transmit and two receive 
antennas can be expressed as (3) and (4).  
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where C denotes the set consisting of all the constellation 

points. Also, the sets 0
lC and 1

lC  include all the 

symbols whose l-th bit are 0 and 1, respectively.  
As shown in (3) and (4), when calculating the LLR 

values for every transmitted bit, the joint search for x1 
and x2 are needed and its complexity exponentially 
increases as the number of transmit antennas as the 
constellation size increase. For example, in the case of 
NT=2 and 64QAM, 4096 (=642) ED calculations are 
required for each received signal vector. Therefore, its 
real-time implementation is very difficult.  

  
2. Soft-MML Symbol Detection Algorithm  

 
The LLR values by soft-output MML algorithm [14] 

can be expressed as (5) and (6).  
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  (6)  
 
The ML estimate of the symbol x1(c) and x2(c), which 

are corresponding to c in the set C, can be calculated 
directly as  
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where Q(-) represents a slicing (quantization) function. 
Once the argument of the slicing function is determined, 
the output of the function can be determined without 
iterations over the constellation points. This means that 

 

Fig. 1. MIMO system model with 2 transmit and 2 receive 
antennas. 
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the LLR values can be calculated without the joint search 
unlike soft-MLD. Consequently, the required computa- 
tional number of the MML metric is 1TNM - , whereas 

that of the ML metric is TNM . Even though the soft-
MML algorithm reduces the computational complexity 
significantly, its complexity is still too high to be 
implemented in real-time, especially when supporting 
64QAM. Therefore, an efficient architecture design for 
the real-time implementation is required.  

IV. HARDWARE ARCHITECTURE DESIGN FOR 

THE PROPOSED MIMO SYMBOL DETECTOR 

An efficient hardware structure of the soft-output 
MIMO symbol detector to support all MIMO 
transmission modes is presented in this section. In order 
to achieve more reliable performance and higher-rate 
data transmission, the latest wireless communication 
systems specify the support for an SD mode such as 
single-input multiple-output (SIMO), multiple input 
single-output (MISO), STBC and SFBC as well as SM 
mode. If the symbol detector for each mode is designed 
independently, it is not efficient. By sharing a commonly 
used function block for all MIMO modes, the complexity 
of the proposed architecture is decreased.  

Fig. 2 shows the proposed hardware structure of a 2×2 
MIMO symbol detector, and the timing diagram is 
depicted in Fig. 3. Tables 1 and 2 summarizes the SM 
and SD detection procedures, which are optimized for 

hardware architecture design. The proposed structure of 
the MIMO symbol detection is composed of input 
preprocessor module (IPM), parameter calculation 
module (PCM), decision variable calculation module 
(DVCM), X2C calculation module (X2CCM), Euclidean 
distance calculation module (EDCM), 1-dimensional 
LLR calculation module (1DLCM) for the SD mode, 2-
dimensional LLR calculation module (2DLCM) for the 
SM mode, 8-bit quantization module (QM) and gated- 
clock generation module (GCGM). For the real-time 
verification with microprocessor, a bus interface is 
integrated with the proposed detector. 

 

Fig. 2. Block diagram of the proposed symbol detector for 2×2 MIMO systems.  
 

Table 1. Algorithm steps for SM detection 11 21

12 22

h h
h h
æ ö

=ç ÷
è ø

H  

Step Module Operation 

- Input 

11 21

12 22

,
h h
h h
æ ö

=ç ÷
è ø

H 1

2

y
y

æ ö
ç ÷
ç ÷ç ÷
è ø

=y  

hji : channel between jth TX and ith RX 
   antennas  
yi  : RX signal from ith RX antenna 

1 IPM Input of PCM are set as in Table 3 

2 PCM 1
Hp = a b , 2

Hp = c d , 2
3p = e  

3 X2CCM 
( )
( )

2 1 2 3( ) ,

, , ,
m mx c p p c   p

m    M

= -

= ¼

Q

1 2
 

4 EDCM 2
1 2 2 ( )m m me c x c= - -y h h  

5 2DLCM ( ) ( )
0 1

arg min arg minm m
c C c Cm l m l

LLR e e
Î Î

= -  

6 QM LLR values are quantized into 8bits 
 

 



JOURNAL OF SEMICONDUCTOR TECHNOLOGY AND SCIENCE, VOL.15, NO.2, APRIL, 2015 259 

 

 

1. Input Preprocessor Module (IPM)  
   
The IPM sets the input data to the PCM for the MIMO 

modes by reordering the estimated channel matrix and 
received signal vector in Table 3. In particular, the 
column-switching of the channel matrix H is performed  
for multi-stage pipelining in the case of the SM mode. 
Since the vertical coding [19] for the SM mode is 
generally specified in most recent wireless 
communication standards, LLR values are generated 
sequentially by column switching in the IPM, and the 
hardware blocks are fully shared to reduce the 
complexity in the proposed architecture.  

  
2. Parameter Calculation Module (PCM)  

   
As shown in Fig. 4, the PCM calculates the parameters, 
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Fig. 3. Timing diagram of the proposed symbol detector for 2×2 MIMO systems.  
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Step Module Operation 

- Input 

11 21

12 22
,

h h
h h

=
æ ö
ç ÷
è ø

H 11 12

21 22

y y

y y

æ ö
ç ÷
ç ÷
è ø

=y  

hji : channel between jth TX and ith RX 
   antennas  
yik : RX signal from ith RX antenna 

1 IPM Input of PCM are set as in Table 3 

2 PCM 1
Hp = a b , 2

Hp = c d , 
2

3p = e  

3 DVCM 

SISO/SIMO/MISO 
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demapping scheme in [20]  

5 QM LLR values are quantized into 8bits 
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p1, p2 and p3, which are the commonly required 
operations for both SD and SM modes. In the case of the 
SD mode, p1 and p2 are used to calculate the decision 
variables in the DVCM, and p3 is utilized as the channel 
state information (CSI). In the case of SM mode, all of 
the parameters are mapped to the input data of the 
X2CCM.  

3. X2C Calculation Module (X2CCM)  
  
As shown in Fig. 5, the X2CCM consists of the polar-

coordinate based multiplier (PBM) and slicer 
(quantization) module (SCM). The SCM makes the 
output, x2(cm), m=1,2,…,M, and is implemented without 
division operations through the scaled-constellation as in 
(9).  

   

( )2
2 1 1 2 32

2

( ) ,  
H

m m mx c Q c Q p p c p
æ ö
ç ÷é ùë ûç ÷ç ÷
è ø

= - = -
h

y h
h

 

       (9) 
   
In order to calculate p2cm in (9), M number of complex 

multiplications should be performed in parallel, which 
makes the X2CCM very difficult to design. For example, 
in the case of the 64QAM, 64 complex multiplications 
are required. 

In the proposed architecture, the complex 
multiplication is replaced by the PBM as in Fig. 6, which 
can be simply implemented with a sign-inverter, shifters, 
and adders, because cm in constellation is constant and 
symmetric. Especially, the PBM is designed with 4-stage 
pipeline architecture to reduce the computational 
complexity by sharing the hardware resources. As shown 
in Fig. 7, at first, it calculates the p2cm corresponding to 
four symbols on A1. Next, the p2cm corresponding to four 
symbols on A2, A3 and A4 are calculated easily as values 
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Fig. 4. Block diagram of PCM. 
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obtained by rotating four symbols from A1 by π/2, π, and 
3π/2, which are equal to the trivial multiplications with i, 
-1, and –i, respectively. These operations are performed 
within the first clock cycle. Similarly, afterward during 
three clock cycles, the p2cm corresponding to B, C, and D 
can be obtained respectively by applying the above 
scheme repeatedly. Although the throughput performance 
may degrade, it is practically negligible because the 
throughput bottleneck of the baseband modem is mostly 
in the forward error correction (FEC) module such as the 
turbo decoder. For example, when the proposed detector 
is applied to the LTE/WiMAX baseband processor 
including the turbo decoder with six iterations, it was 
verified from the timing analysis that the 4-stage 

pipelining of the PBM does not degrade the throughput 
performance.  

  
4. ED Calculation Module (EDCM)  

  
The EDCM calculates the Euclidean distance, em, 

which is given by 
  

 2
1 2 2 ( ) .m m me c x c= - -y h h       (10) 

  
As shown in Fig. 8, h1cm and h2x2(cm) are also 

computed by the PBM. The norm calculation can be 
approximated to avoid costly complex multiplications 
[21]:  

  

( ) ( )3 5( ) ( ) max ( ) , ( ) .
8 8m m m m my y y y y» Â + Á + Â Á  

  (11)  
  
This approximation shows negligible performance 

degradation as shown in Fig. 9. In this simulation, a 2×2 
SM-MIMO system was considered with 16QAM and 64-
QAM. Each path of MIMO channel was configured with 
international telecommunication union (ITU) pedestrian-
B model, which is assumed to be uncorrelated. Soft-
decision turbo code with code rate of 1/2 and block size of 
408-bit was applied. Turbo decoding was performed by 
maximum-logarithmic-MAP (MAX-LOG-MAP) algorithm 
and the number of iterations was set to be six. Also, Fig. 
9 shows the fixed-point simulation results for the 
proposed detector as defined in Table 4. The results show 
that the proposed detector achieves almost the same 
performance as ML and MML.  
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Fig. 6. Block diagram of PBM. 
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Fig. 7. The proposed PBM operation on 64QAM constellation. 
 

 

Fig. 8. Block diagram of EDCM. 
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5. Gated-Clock Generation Module (GCGM)  
  
From the complexity analysis for the internal modules 

in the proposed detector, it was confirmed that the 
X2CCM, EDCM, and 2DLCM occupy about 79% of the 
total complexity as shown in Table 5. Since these 
modules are only used for SM symbol detection, the 
clock-domain is separated and the clock-gating scheme 
[26] is applied in order to reduce the power consumption. 
For example, the CLK_SM is gated (not toggled) in the 
case of SD detection, whereas it is running in the case of 
SM detection. With this clock-gating scheme, the average 
power consumption of the proposed detector is 
dramatically decreased.  

V. IMPLEMENTATION AND VERIFICATION 

RESULTS  

The MIMO symbol detector supporting all MIMO 
modes with the proposed architecture was designed in 

HDL and implemented using a 65 nm 1-poly 9-metal 
(1P9M) 1.2 V CMOS standard cell library. Table 5 
depicts the logic synthesis results for a 100 MHz 
operating clock frequency. Fig. 10 shows the layout of 
the proposed MIMO symbol detector with dual-port 
RAM used for verification. The proposed MIMO symbol 
detector includes about 183K logic gates, occupies a core 
area of 0.31 mm2, and can achieve a throughput of 150 
Mbps.  

Table 6 shows the comparison results of our design 
and the existing 2x2 MIMO symbol detectors [16, 22-25]. 
For the fair comparison, four normalized metrics are 
considered such as normalized area (NA), normalized 
power (NP), normalized hardware efficiency (NHE) and 
normalized power efficiency (NPE):  
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Fig. 9. Performance evaluation results of the proposed MIMO 
symbol detector. 

 
Table 4. Word-length and SQNR analysis results for the pro-
posed MIMO symbol detector  

Block  Word-length (bit) SQNR (dB) 
IPM I : 16 / Q : 16 Infinite 
PCM I : 33 / Q : 33 56 

X2CCM I : 20 / Q : 20 54 
EDCM I : 28 / Q : 28 52 
DVCM I : 17 / Q : 17 53 
1DLCM I : 24 / Q : 24 51 
2DLCM 19 50 

  
 

Table 5. Logic synthesis results of the proposed MIMO sym-
bol detector  

  Gate Count (K) Prop. (%) 
IPM 5.3 2.9 
PCM 15.0 8.2 

X2CCM 14.4 7.7 
EDCM 119.1 64.5 
1DLCM 2.0 1.2 
2DLCM 13.0 7.1 

QM 0.5 0.2 
Etc. 13.7 8.2 

Total 183 100 
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Fig. 10. Layout of the proposed MIMO symbol detector.  
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Unlike the previous works, the proposed MIMO 
detector can support all MIMO modes such as SM, SISO, 
SIMO, MISO and SD (STBC/SFBC) with the optimal 
ML performance. Also, the proposed detector shows the 
best power efficiency. Although MFCSO [16] and LORD 
[22] support the near ML performance, the proposed 
detector outperforms them with respect to area and 
power consumption. Also, SSFE [23] shows the near ML 
performance, however, the throughput and NPE are 
lower than those of the proposed detector. Even though 

the NHE of the detector [24] is higher than the proposed 
detector, the results in [24] do not include the channel 
pre-processor. Also, it cannot support ML performance 
and has lower NPE. SQRDML [25] includes larger 
number of gate counts without supporting ML 
performance. 

In order to evaluate the power consumption of the 
proposed MIMO detector, 10 test scenarios that contain 
varying numbers of SM slots are defined as depicted in 
Table 7. Each test vector for test scenario consists of 10 
slots and each slot includes 48 symbols. The number of 
SM slots in test scenario 0 – 9 is also 0 – 9. For example, 
the test scenario 3 includes 3 SM slots. As shown in Fig. 
11(a), in the case of the non-gated-clock scheme, SM 
blocks consume the most power even though there is no 
SM symbol. However, with the gated-clock scheme, the 
power consumption is dramatically reduced when there 
are a small number of SM packets as shown 11(b). Table 
8 summarizes the evaluation results. As shown in this 
table, the MIMO detector with the gated-clock scheme 
can reduce the average power consumption by 4.17 – 
85.35% compared with the detector without clock-gating. 

Table 6. Comparison results of the proposed detector and existing detectors  

 [16] [22] [23] [24] [25] This work 

MIMO Mode SM/SD SM SM SM SM SM/SD 

TX/RX antennas 2×2 2×2 2×2 – 8×8 2×2 2×2 1×1 – 2×2 

Modulation QPSK 
16/64QAM 

QPSK 
16/64QAM 16/64QAM 64QAM B/QPSK 

16/64QAM 
B/QPSK 

16/64QAM 

Detection algorithm MFCSO LORD SSFE K-Best SQRDML MML 

Soft/Hard output Soft Soft Soft Soft Soft Soft 

Performance Near ML 
(w/ strong FEC) Near ML Near ML Not ML Not ML Equal to ML 

Process 65 nm 65 nm 65 nm 130 nm 180 nm 65 nm 

Max. clock rate 300 MHz 80 MHz 400 MHz 287 MHz 40 MHz 100 MHz 

Gate count 90 K 408 K 63 K 24K ** 279 K 183 K 

Throughput 225 Mbps 240 Mbps 75 Mbps 107 Mbps N.A. 150 Mbps 

Area 0.37 mm2 0.64 mm2 0.09 mm2 N.A. N.A. 0.31 mm2 

Power N.A. 38 mW 
@ 1.2 V 

9 mW 
@ 1.08 V 

54.4 mW 
@ 1.5 V N.A. 12.2 mW 

@ 1.2 V 

NA 0.37 mm2 * 0.64 mm2 0.09 mm2 N.A. N.A. 0.31 mm2 

NP N.A. 38 mW 11.1 mW 17.4 mW N.A. 12.2 mW 

NHE [Mbps/kGE] 2.5 0.58 1.19 8.92 N.A. 0.81 

NPE [Mbps/mW] N.A. 6.32 8.33 3.93 N.A. 12.30 
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VI. CONCLUSIONS  

In this paper, the low-complexity and low-power 
hardware architecture for a soft-output MIMO symbol 
detector that can support all MIMO modes such as SD 
and SM is proposed. The implementation results show 

that the hardware complexity can be significantly 
reduced by the proposed architecture with the multi-stage 
pipelining and simplified multiplication based on the 
polar-coordinate. Also, with the clock-gating scheme 
applied to the most complex modules used only for SM 
detection, the power consumption is decreased by a 
maximum of 85.35%. Since the recent wireless systems 
specify support for both SD and SM modes and need to 
be implemented with low-complexity and low-power 
consumption, the proposed MIMO symbol detector can 
be considered to be suitable for those systems.  
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Fig. 11. Power consumption for test scenarios (a) Non-gated 
clock scheme, (b) Gated clock scheme.  
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