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SUMMARY  This paper describes low-power dynamic multiple-input
and multiple-output (MIMO) detection for a 4x4 MIMO-orthogonal
frequency-division multiplexing (MIMO-OFDM) receiver. MIMO-OFDM
systems achieve high-speed and large capacity communications. However,
they impose high computational cost in MIMO detection when separat-
ing spatially multiplexed signals and they consume vast amounts of power.
We propose low-power dynamic MIMO detection that controls detection
speed according to wireless environments. The power consumption is re-
duced by dynamic voltage and frequency scaling (DVFES) that controls the
operating voltage and clock frequency in the MIMO detector. We imple-
mented dynamic MIMO detection in a pipelined minimum mean square
error (MMSE) MIMO detector that we developed in our previous work.
A power saving of 92% was achieved under lowest clock frequency mode
conditions.

key words: wireless communications, MIMO detection, low power, DVFS

1. Introduction

Orthogonal frequency division multiplexing with multiple-
input and multiple-output (MIMO-OFDM) is a powerful
tool in enhancing communication capacities or reliance and
has widely been adopted in current wireless communication
systems. The standardization group of IEEE802.11 wireless
LAN groups has released the IEEE 802.11n specifications
[1] that are based on MIMO-OFDM technology.

MIMO detection is important in MIMO-OFDM sys-
tems and needs to calculate the weight matrix in each
OFDM subcarrier from the estimates of MIMO channels.
This process needs numerous matrix multiplications and
inverse matrix calculations, which increase the processing
time, circuit area, and power consumption. The algorithms
for MIMO detection are divided into linear [2], [3] and non-
linear detection, such as ordered successive interference
cancellations (OSIC)[4], [5] and maximum-likelihood (ML)
detection [6], [7]. There are trade-offs between MIMO de-
tection and computational complexity.

Since OFDM detects MIMO channel properties on the
basis of each subcarrier, its computational cost is propor-
tional to the number of subcarriers. A MIMO-OFDM re-
ceiver requires considerable throughput even for linear de-
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tection. We focused on a hardware implementation of lin-
ear detection. We previously presented a complete pipeline
MMSE MIMO detector based on Strassen’s matrix inver-
sion [8]. This detector can make use of concurrent and
pipeline processing and has systematic matrix computation
suitable for hardware implementation. The processing time
of the complete pipeline detector is 150 times faster than
that of other detectors [2], [3] for 512 subcarriers [8]. How-
ever, it consumes large amounts of power where the power
consumption is 701.2 mW at a 160-MHz clock frequency.

We propose low-power dynamic MIMO detection that
controls the detection speed according to wireless environ-
ments. Our investigations indicated that the detection speed
could be controlled by maintaining communication by using
Doppler frequency information. Dynamic MIMO detection
adaptively changes the computational time in MIMO detec-
tion. Power consumption is reduced by lowering the op-
erating clock frequency and voltage, which is a technique
that is known as dynamic voltage and frequency scaling
(DVES) [9], [10]. We found that dynamic MIMO detection
provided communication quality equivalent to fixed MIMO
detection and reduced power by applying low-speed detec-
tion modes. A DVFS FFT/IFFT processor that operates at
adequate voltage/frequency under different MIMO config-
urations has been presented [11] as a DVFS technique in
MIMO-OFDM system communications. This DVFS tech-
nique only treats the change in MIMO configurations and
does not assume variations in wireless environments.

The paper is organized as follows: Sect.2 explains an
algorithm for MIMO detection in MIMO-OFDM systems.
Section 3 reviews the designs of MMSE MIMO detectors,
which revisits our previous work. The dynamic MIMO de-
tection we propose that covers both the algorithm and circuit
structure is presented in Sect.4. The results obtained from
evaluating communication quality and power consumption
are presented in Sect. 5. Section 6 summarizes the paper.

2. MIMO Detection Algorithm

A MIMO system that uses multiple antennas on both trans-
mitter and receiver sides can increase communication ca-
pacity by multiplexing and separating signals. A received
signal vector in a MIMO-OFDM system (i.e., multi-carrier
OFDM transmission) is described by

ylk,t] = H[k]s[k, t] + n[k, 1], (1)

where k indicates a subcarrier index, ¢ indicates a data sym-

Copyright © 2014 The Institute of Electronics, Information and Communication Engineers
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Fig.1 Timing chart for MIMO detection.

bol index, and s[k, f] denotes a transmitted signal vector at
the 7-th symbol. Here, n stands for a white Gaussian noise
vector and H[k] with an MzXxXM7 matrix indicates a MIMO
channel where My and My are the numbers of receiving and
transmitting antennas. Weight matrix G[k] by using the min-
imum mean square error (MMSE) criterion is computed as

G[k] = (HIK\"H[K] + o*D)'H[K)" )

where (-)f denotes the complex conjugate transpose and
o indicates noise variance. The computation in Eq. (2) is
called “preprocessing”. A decoded signal vector, §[k, ], is
given by multiplying the weight matrix with the received

signal vector as
Sk, 1] = Glklylk,1]. 3)

There is a timing chart for MIMO detection in Fig. 1.
A MIMO detector starts computing MIMO channel matri-
ces for all subcarriers when it receives the last training sym-
bol. Preprocessing can be executed after each MIMO chan-
nel matrix is computed. Since the data symbols follow the
training symbols in packet mode OFDM, the detector should
complete preprocessing before it receives the data symbols.
Otherwise, the detector leads to unacceptable processing de-
lay. We consider acceptable latency time to be the sum of
FFT duration Tgpr and GI length Tp as a measure of real-
time processing. For instance, the IEEE802.11n PHY frame
has parameters of N=108, Trpr=3.2 us, and Tg=0.8 us,
where N is the number of data subcarriers. The acceptable
latency time for preprocessing becomes 4 pis.

3. Design of MMSE MIMO Detector

The circuit structure for the pipeline MMSE MIMO detector
presented in Yoshizawa et al. [8] is briefly explained here.
The pipeline MIMO detector is based on Strassen’s matrix
inversion [12]. Strassen’s algorithm for matrix inversion di-
vides a square matrix into four block matrices. It is divided
into 2x2 block matrices for a 4x4 matrix € as

A B
g:(c D), 4

where A, B, C, and D are the 2x2 matrices. Q™1 is calcu-
lated with Strassen’s algorithm:

ol - F -A"'BE™!
“ | -E'ca™! E"!
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This algorithm reduces computational complexity by
reusing the intermediate results of E', A! and CA7'.
Since the MMSE criterion in Eq. (2) gives Q@ = HY H + 0°1,
it becomes a Hermitian matrix composed of C = B and
B’ = C'". This property gives the relation of A™'B =
(CA™"H! and further reduces complexity by reusing these
intermediate results.

The circuit structure of 4x4 matrix inversion is outlined
in Fig. 2. The main stages (from A to A’) are used to com-
pute the submatrices of E™' and F and produce the other
submatrices of A~!, CA™!, and E"'CA™". The 2x2 matrix
arithmetic units with internal pipeline stages have been im-
plemented in fixed point arithmetic. The fixed point format
in Fig.3 consists of a sign bit and fractional bits without
integer bits. This representation can avoid overflows in ad-
dition and subtraction if the absolute values of arithmetic
inputs are not more than 1/2. Moreover, the absolute val-
ues of arithmetic inputs need to be close to 1/2 to decrease
rounding errors in the fractional bits. The block floating ad-
justs a maximum value for 2X2 matrix € to satisfy 1/4 <
max |Q;;| < 1/2. The block floating scaling factors of s1, 52,
s3, and s4 are introduced in the 2X2 matrix multiplication
and inversion units. We apply direct computation to 2x2
matrix inversion in the submatrices using
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Table 1  Performance of circuit for pipeline MMSE MIMO detector.
Operation Frequency 160 MHz
Logic Gate Count 2,203,300
Pipeline Latency 187.5ns
Power Consumption 701.2 mW

-1
1 _[a b _ 1 d -b
@ _(c d) _ad—bc(—c a |’ ®
The circuit structure of the pipeline MMSE MIMO de-
tector is outlined in Fig.4. The inputs of Hj[k] to Hy4lk]

are elements of channel matrix H[k], and o is variance in
the noise vector. The outputs of each block are computed by

P[k] = H[kI*H[K]" + 21 )
Olk] = H[k]" (10)
R[k] = P [k (11)

Glk] = R[k]Q[k], 12)

where S,[k], Sp[k], and S [k] are scaling factors to avoid
an overflow. The pipeline delay unit adjusts computation
timings for H[k] to meet data of R[k].

The performance of the circuit for the pipeline MMSE
MIMO detector is summarized in Table 1. The MIMO de-
tector was implemented by using a 90-nm CMOS standard
library. The power consumption value was measured un-
der conditions of a 1.0-V voltage supply and a 160-MHz
clock speed. The implemented results indicated a satis-
factory pipeline latency of 187.5ns, which is less than the
acceptable latency time of 4 us (mentioned in Sect.2). It
required a large amount of power of 701.2mW. Since the
MIMO detector used about 40% of the power consumption
in the 4x4 MIMO-OFDM receiver circuit according to our
previous work [13], the low-power technique of MIMO de-
tection has a strong impact on the hardware implementation
of MIMO-OFDM systems.

4. Dynamic MIMO Detection
4.1 MIMO Channel Variations
The timing chart in Fig. 1 indicates severe processing la-

tency for real-time processing in a MIMO detector. The
pipeline MMSE MIMO detector has been designed to meet
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Table 2  Simulation parameters.
Modulation Type 16QAM
Signal Bandwith 40 MHz
FFT Size 128
No. of Data Subcarriers 108
FFT Length 32us
Guard Interval Duration 0.8 us
Packet Length 500 Bytes
Channel Model Multipath Rayleigh Fading
MIMO Spatial Correlation iid.
Symbol Timing Ideal

Channel Estimation

Calculation at Training Symbols

Maximum Doppler Frequency

2,6,10, 14, 18 Hz

Error Correcting

Convolution Coding (R=3/4)

Soft-Decision Viterbi Decoding
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Fig.5  Snapshot example of channel variations under maximum Doppler

frequency conditions from 2 to 18 Hz.

latency requirements that assume that a MIMO detector op-
erates under the worst conditions when wireless channel
propagation characteristics vary for all MIMO-OFDM pack-
ets, i.e., fast fading environments. However, the other con-
ditions (i.e., better conditions in slow fading environments)
could be considered in actual wireless systems.

We investigated time variations in MIMO channel co-
efficients by measuring the two-dimensional correlation co-
efficients of the MIMO channel matrices in first and other
packets under various conditions with maximum Doppler
frequencies. The simulation parameters are enumerated in
Table 2, which assumes a packet based MIMO-OFDM sys-
tem in the IEEE 802.11n standard. There is a snapshot ex-
ample of the correlation coefficients in Fig. 5. The horizon-
tal axis represents the number of packets. The low Doppler
frequency condition of 2 Hz maintains almost the same
correlation coeflicients across several hundreds of packets.
This phenomenon indicates that the channel matrix does not
change across several hundreds of packets under slow fading
conditions.

The MIMO channel variations are also considered in
the frequency domain for MIMO-OFDM systems. The
frequency-domain linear interpolation of MIMO channels as
a mean of minimizing the computational complexity of ma-
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trix inversion has been presented [ 14]. However, the method
of interpolation needs the channel environment to be flat
fading to considerably reduce complexity. Low Doppler fre-
quency conditions would be more acceptable than flat fading
conditions for wireless LAN systems.

4.2 Proposed Method

Slow fading conditions do not impose severe timing con-
straints on computing Eq. (2) because the channel matrix of
H changes slowly. The latency requirement in Fig. 1 could
be loosened under slow fading conditions. We discuss dy-
namic MIMO detection that adaptively changes the compu-
tation time of Eq.(2) and the time intervals to update the
weight matrix of G. There is a timing chart for static MIMO
detection treated as a conventional detector in Fig. 6. Static
MIMO detection computes the period of Trpr+7r for each
packet. The weight matrix of G7 (g is an updated index) is
updated within the same packet. The dynamic MIMO detec-
tion we propose has two types of detection modes, i.e., short
and long detection delay modes, whose timing charts are in
Figs. 7(a) and 7(b). The short detection delay mode extends
the computation time to 7p. Tp denotes the packet length
consisting of training symbols and data symbols. This ex-
tension means that the weight matrix is updated when the
next packet is received. The number of waiting packets N,
controls the frequency with which the weight matrix is up-
dated. As the number of N, increases, the number of com-
putations of the weight matrix is decreased. The long de-
tection delay mode further extends the computation time by
N, - Tp. The timing to update the weight matrix is delayed

MIMO-OFDM Packets

#1 #2 #3 #4 #5 #6 #7 #8 #9
= = = = = = = = =]
TeertTg : ‘ | 3 : ;

Y y y v A\ A4 V A\
¢ | & | & | ¢ | & | 6 | e [ 6 |

» Computation Time of (2) Weight Matrix G

Fig.6  Static MIMO detection.
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(a) Short Detection Delay Mode

» Computation Time of (2) MIMO-OFDM Packets
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(b) Long Detection Delay Mode

Fig.7  Proposed dynamic MIMO detection.
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by N, — 1 packets overall, compared with the short detection
delay mode. The long detection delay mode is more sensi-
tive to channel variations in fading environments due to this
delay.

Dynamic MIMO detection was evaluated by using bit
error rate (BER) to assess performance. The graph in Fig. 8
compares static MIMO detection with the proposed method
when applying the numbers of waiting packets N,,. We used
the same simulation parameters as those in Table 2 and a
maximum Doppler frequency of 10 Hz. When the accept-
able degradation was set to less than 1dB in SNR for BER
of 107, the conditions of N,=2, 4, and 8 provided enough
performance in communication in the short detection delay
mode. The long delay detection mode limited the numbers
of N, to 2 and 4.

We applied the least squares (LS) method that extracts
the channel matrix by adding and subtracting the long train-
ing symbols to estimating the MIMO channels. The long
training symbols were defined by orthogonal space-time
patterns. LS channel estimation is used in IEEE802.11n

—+— Static MIMO Detection (Conventional)

==#%== Dynamic, Long Delay Detection Mode Nw=2

=B+ Dynamic, Long Delay Detection Mode Nw=4
%" Dynamic, Long Delay Detection Mode Nw=8

107° it
N
NS -
107 N
18 20 22 24 26 28

SNR (dB)
(a) Static MIMO detection vs dynamic MIMO detection with long delay mode.

Static MIMO Detection (Conventional)
L ==©-= Dynamic, Short Delay Detection Mode Nw=2
1072 5 " ===#* Dynamic, Short Delay Detection Mode Nw=4
TN =%~ Dynamic, Short Delay Detection Mode Nw=8
107 \‘
o
o
107
107°
107
18 20 22 24 26 28

SNR (dB)
(b) Static MIMO detection vs dynamic MIMO detection with short delay mode.

Fig.8 BER at maximum Doppler frequency of 10 Hz.
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MIMO-OFDM systems [15]. The channels are estimated
only once to update the weight matrix. The performance
of BER would be improved by using appropriate extrapola-
tion based on past channel matrices, especially in the long
delay detection mode. The power increase in this case by
introducing channel matrix extrapolation and the decrease
by increasing the number of waiting packets N, should be
compared.

4.3 Circuit Structure

The circuit structure for dynamic MIMO detection is in
Fig.9. A phase locked loop (PLL) supplies a clock and a
DC/DC converter supplies an operating voltage. Their speed
and magnitude are changed by information from the DVFS
control unit. The DVFS control unit adjusts the MIMO de-
tection speed associated with the number of waiting pack-
ets N,. When the MIMO detection speed is decreased,
the MIMO detector operates at a low clock frequency and
under low operating voltage conditions, which is based on
the DVES technique [9]. The power consumption model in
CMOS circuits can be expressed as

Power = CLVpp’f + (A — 1)106ﬁ Vbp, (13)

where Cy, is capacitance, Vpp is the operating voltage, and
f is the operating frequency. Here, A is the number of gates,
Iy is the leakage current, V7 is the threshold voltage, and « is
a parameter of subthreshold swing. The first term indicates
dynamic power. The second term is leakage power caused
by leakage current. From Eq. (13), dynamic power is pro-
portional to the square of the operating voltage, and leakage
power is proportional to the operating voltage. The power
consumed in CMOS circuits by both dynamic and leakage
power is reduced by decreasing the power voltage. It is
clear that a lower supply voltage can significantly reduce
power consumption. However, lowering the supply voltage
imposes a penalty of increasing circuit delay expressed by

Vaa
L W v v 5 9
Kq(Vaa = Vr)°
where K is a drivability factor and ¢ is an empirical constant

value depending on CMOS technology [16]. This delay is
associated with a decrease in clock frequency given by 1/y.

y=C (14)

— Witch  yuyig MIMO S8k

\E’ © Equalization

Instantaneous PER

l G(1]...GI
DVFS Control ~HK MIMO
Circuit Detector
CLK x
Clock/Voltage
Information DC/DC \Vob
Converter

Fig.9  Circuit structure for dynamic MIMO detection.
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Therefore, DVFS has a trade-off between power reduction
and clock speed in the MIMO detector.

5. Evaluation

We treated a simplified example on the length of Tp and
the number of waiting packets N, to evaluate power reduc-
tion with the dynamic MIMO detection we propose. We
assume Tp=5(Tgrr+7TG1), i.e., 20 us, which indicates that
the packet length is given by four training symbols and one
data symbol. As the number of data symbols in a packet de-
creases, the timing constraints for MIMO detection are more
severe. We have summarized the results for selected num-
bers in our simulation in Table 3 for the parameters of N,,.
The results indicate that the long detection mode requires a
smaller value for N, due to the delay in updating the weight
matrix of GY.

The power consumption results for static (conven-
tional) and dynamic (proposed) MIMO detection are listed
in Table 4. Each acceptable clock period in dynamic MIMO
detection can be calculated by scaling the computation time
in static MIMO detection. Since delay y in Eq. (14) corre-
sponds to the clock period, the value of V;; can be deter-
mined. The dynamic and leakage power are computed from
Eq. (13). The results for power and energy consumption for
the number of waiting packets N, and the short and long
detection delay modes are summarized in Table 5. Com-
pared with static MIMO detection, the long detection delay
mode achieved a power saving of 92% under the condition
of N,=16. The long delay detection mode provided lower
power consumption than that of the short delay detection
mode by decreasing the operating voltage. The short de-
lay detection mode, on the other hand, was superior to the
long delay detection mode in terms of total energy consump-
tion. Note that leakage power became dominant under lower
operating frequency conditions because leakage power was
not proportional to the magnitude of clock frequency. The
longer computation time in the long delay detection mode
would increase energy consumption due to leakage power.

Table3  Numbers of waiting packets under maximum Doppler
frequency conditions.

Number of Waiting Packets Maximum Doppler Frequency (Hz)
(N.) 2 10 20 40

Short Detection Delay Mode 16 16 4 1

Long Detection Delay Mode 16 4 1 1

Table 4  Power consumption by static and dynamic MIMO detectors.
MIMO . Clock Operating Power Consumption
X Computation (mwW)
Detection ) Frequency | Voltage
Time
Type (MHz) V) Dynamic | Leakage Total
Static TeertTar 40 1 12357 | 3841 | 161.98
Tp 8 0.58 8.40 22.28 30.68
Dynamic a7, 2 037 086 | 1421 | 1507
(Proposed)
16T, 0.5 0.33 0.17 12.68 12.85
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Table 5  Summary of power and energy consumption results.
mimo | Number of ) Total Total
Detection Waiting Computation | Computation Power Ener
Tyoe Packets Time Time for 1000 (mw) ( J)gy
yp (Ny,) Packets (us) H
Static 0 TeertTa 1000 - (T +Tg) 161.98 647.9
Dynamic 1 1000 - T, 613.6
Short
Detection 4 T 1000/4 - T, 30.68 153.4
Delay Mode 16 1000/16 - T, 384
Dynamic 1 T 1000 - T, 30.68 613.6
Long
Detection 4 4T, 1000/4 - 4T, 14.21 301.4
Delay Mode 16 16T, 1000/16 -16 T, 12.68 257.0

6. Conclusion

We presented dynamic MIMO detection to reduce power
consumption in a 4x4 MIMO-OFDM receiver. Dynamic
MIMO detection controlled computation time in MIMO de-
tection according to time-varying conditions of Doppler fre-
quency. Power consumption was reduced with the DVFS
technique, which dynamically changed the clock frequency
and operating voltage. Dynamic MIMO detection reduced
power consumption to 1/14 and energy consumption to 1/17
in our evaluations.

The dynamic MIMO detection we proposed assumes
that the value for Doppler frequency is known. However,
estimating low Doppler frequencies as dozens of hertz re-
quired long-term observations of several seconds for re-
ceived signals. It was not practical to directly estimate
Doppler frequency in terms of real-time processing. A
scheme of adaptive control to determine appropriate num-
bers of waiting packets N,, would be more effective for time-
varying wireless environments and will be discussed in fu-
ture work.
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