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Abstract—This paper presents a reconfigurable singular value 

decomposition (SVD) engine design for the IEEE 802.11n applications. 

This engine can support all antenna modes in an 802.11n system. The 

proposed design techniques can reduce decomposing latency, enhance 

hardware utilization, and increase system throughput. The proposed 

reconfigurable SVD engine design is implemented and fabricated in 

UMC 90 nm 1P9M CMOS technology. The maximum operating 

frequency is measured 101.2 MHz and the corresponding power 

dissipation is 125 mW. The core size is 2.17 mm2 and the die size 

occupies 4.93  mm2. 

I. INTRODUCTION 

The research about multi-input multi-output (MIMO) technology 
is an important topic in many advanced wireless communication 
standards. The advantage of a MIMO system is that it exploits the 
space dimension to improve the system capacity and reliability. 
However, in a MIMO system, one receive antenna may suffer from 
the interference of other transmit antennas [1]. This leads the receiver 
hard to obtain correct data. By applying the singular value 
decomposition (SVD) technique [2], the interference can be totally 
eliminated. Hence, the throughput and coverage of a MIMO system 
can be greatly enhanced. From an information-theoretical viewpoint, 
the use of SVD is an optimal solution [3]. Besides, the advanced 
wireless local area network (WLAN) standard, IEEE 802.11n [4], has 
treated the SVD technique as an optional MIMO signal processing 
technique. [5] also shows that the use of the SVD technique has the 
highest throughput compared with other MIMO signal processing 
techniques in an 802.11n system. This indicates that the SVD 
technique is very important for the MIMO wireless communication 
systems. 

Nowadays, there are several issues in applying the SVD 
technique to an 802.11n system. These issues are discussed in detail 
as follows. 1) A MIMO system is always combined with orthogonal 
frequency division multiplexing (OFDM) technology. There are 56 or 
114 subcarriers being used in an 802.11n system. This means that the 
SVD engine needs to deal with 56 or 114 channel matrices before 
data transmission. Hence, it is important to effectively reduce total 
computational complexity. 2) In an 802.11n environment, the 
coherence time over which the channel is considered essentially time-
invariant is about 0.07 sec [5]. This indicates that we should complete 
the SVD operation of all channel matrices as fast as possible. 3) In an 
802.11n system, the number of transmit antennas or receive antennas 
is defined from 1 to 4. There are possibly 16 antenna modes. Each 
antenna mode has its own channel matrix size. If each antenna mode 
has its own SVD design, it will cause inefficient hardware 
implementation cost. Hence, it is necessary to design a reconfigurable 
SVD engine for all antenna modes. 

In the literature, [6] has realized an SVD chip for the WLAN 
applications. However, the chip implements an adaptive UΣ 
algorithm [7] which is not entire for SVD. Also, this work only 
supports 4×4 (4 transmit and 4 receive antennas) antenna mode which 
is one of the 16 antenna modes in an 802.11n system. 

In this paper, we propose a complete SVD algorithm and a 
reconfigurable architecture design for the 802.11n systems, which has 
the features as follows: 1) Reconfigurable design for 16 antenna 
modes. 2) Data interleaving scheme for simultaneously dealing with 
16 channel matrices. 3) Adaptive step size and partial update schemes 
for reducing decomposing latency to increase the system throughput. 
4) Early termination scheme for improving hardware utilization 
without losing system performance. The proposed reconfigurable 
SVD engine design is implemented in a chip using 90nm CMOS 
technology with core area of 2.17 mm2. It can be measured at 101.2 
MHz with 125 mW power consumption. The chip result shows that 
for an 802.11n system, the average latency of our SVD engine is 
about 0.38% of the WLAN coherence time. Therefore, the proposed 
SVD engine is very suitable for the IEEE 802.11n applications. 

Notation: We use boldfaced capital letters to indicate matrices 
and boldfaced lowercase letter to indicate vectors. I denotes the 

identity matrix.  ∙ 𝐻 denotes the complex conjugate transpose of a 
vector or matrix. tr(･) denotes the trace of a matrix. ||･|| denotes the 

two-norm of a vector. R(:, k) denotes the kth column of the matrix R. 
 𝐚, 𝐛  is the Euclidean inner product as 𝐛𝐻𝐚. ℂ𝑝× 1 denotes the set of 
p×1 complex vectors, and ℂ𝑝× 𝑞  denotes the set of p×q complex 
matrices. 

II. MIMO SYSTEM MODEL AND SVD 

Consider a MIMO system with NT transmit and NR receive 
antennas. The baseband, discrete-time equivalent model is written by 

𝐲 = 𝐇𝐱 + 𝐳 , where 𝐇 ∈ ℂ𝑁𝑅× 𝑁𝑇  is the complex channel matrix. 
𝐳 ∈ ℂ𝑁𝑅  is the additive white complex Gaussian noise vector. 
𝐱 ∈ ℂ𝑁𝑇  is the transmitted data vector, and 𝐲 ∈ ℂ𝑁𝑅  is the received 
data vector. If we decompose the channel matrix H by the SVD 
technique, we have 

𝐇 =  𝐔𝚺𝐕𝐻  (1) 

where U and V are an NR×NR left singular matrix and an NT×NT right 
singular matrix, respectively. Both U and V are unitary matrices (i.e., 
UUH = I and VVH = I). Σ is an NR×NT matrix with only real and non-
negative main diagonal entries. The entry (i, i) of Σ denotes the ith 
largest value σi, with 1 ≤ i ≤ min(NR, NT).  

Let 𝐱′ ∈ ℂ𝑁𝑇  be the symbol vector such that 𝐱  = V𝐱′  and the 
received signal y is multiplied by UH as shown in Fig. 1. The channel 
between 𝐱′ and 𝐲′ can be written as 𝐲′ = 𝚺𝐱′ + 𝐳′. Notice that the 
distribution of 𝐳′ is invariant since U is unitary. The MIMO channel 
can be treated as d = min(NR, NT) independent parallel Gaussian 
subchannels. The ith subchannel has the gain being σi. Hence, the 
transmitter can send independent data streams across these parallel 
subchannels without any antenna interference. Note that the values σ1, 
σ2,…, σd are called the singular values of H. The column vectors of V 
(i.e., 𝐯1 , 𝐯2, … , 𝐯𝑁𝑇

) are the right singular vectors of H, and the 

column vectors of U (i.e., 𝐮1 , 𝐮2, … , 𝐮𝑁𝑅
) are the left singular vectors 

of H. 
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Fig. 1. A MIMO system with the SVD technique. 

Table I. The proposed Adaptive SVD Algorithm 

1)   Given H 
2)   Construct 𝐑 
3)   𝐟𝐨𝐫 i = 1: (𝑑 − 1) 
4)          Update State 
5)                𝐰𝑖 𝑛 + 1 = 𝐰𝑖 𝑛 + 𝜇𝑖 𝑛  𝐑 − 𝜆𝑖 𝑛 𝐈 𝐰𝑖 𝑛  
6)                 𝜆𝑖 𝑛 + 1 = 𝐰𝑖 𝑛 + 1 𝐻𝐰𝑖 𝑛 + 1  
7)                 𝜇𝑖 𝑛 + 1 = 1  2𝜆𝑖 𝑛 + 1    
8)          Deflation State 
9)                 𝐑 = 𝐑 − 𝐰𝑖 𝑛 + 1 𝐰𝑖 𝑛 + 1 𝐻  
10) 𝐞𝐧𝐝 

III. PROPOSED ADAPTIVE SVD ALGORITHM 

An adaptive blind-tracking SVD algorithm was proposed by 
Poon [7]. Based on this algorithm, the proposed adaptive SVD 
algorithm is more suitable for the IEEE 802.11n applications. Our 
proposed algorithm is shown in Table I, and the list of improvements 
follows below. 

A. The Derivation of Matrix R (line 2 in Table I) 

In [7], the positive semidefinite matrix R is derived by a moving 
average of the recent received signal vectors. In the IEEE 802.11n 
standard, the channel matrix H is known by channel estimation. 
Therefore, we can utilize the information to evaluate accurate R: 

𝐑 =  
𝐇𝐻𝐇,    𝑁𝑅 ≥ 𝑁𝑇

𝐇𝐇𝐻 ,    𝑁𝑅 < 𝑁𝑇

  (2) 

With this definition of R, the singular values and singular vectors of 
H can be obtained by the proposed algorithm. After convergence, we 
have wi and λi with 1 ≤ i ≤ (d − 1). Since it is possible to have NR ≥ NT 
or NR < NT, there are two cases to be considered. For the case when 
NR ≥ NT, we have  

σ𝑖 =  𝜆𝑖 , 𝐯𝑖 =
𝐰𝑖

σ𝑖
, and 𝐮𝑖 =

𝐇𝐯𝑖

σ𝑖
,   𝑖 = 1,2,… , 𝑑 − 1 (3) 

where d is min(NR, NT). On the other hand, when NR < NT, we only 
need to interchange vi with ui in (3). 

B. Partial Update Scheme (line 3 in Table I) 

In [7], wd and λd are derived by applying the update operation 
(line 5 and 6 in Table I). From our observation, after the (d − 1)-time 
deflation, the positive semidefinite matrix R can be expressed as 

𝐑 = 𝐰𝑑𝐰𝑑
𝐻 (4) 

Hence, the update operation for wd and λd is unnecessary. We can 
directly find the dth singular value and the corresponding singular 
vectors by some simple operations. For the case of  NR ≥ NT, we get 

σ𝑑 =  𝑡𝑟 𝐑 , 𝐯𝑑 =
R : , 1 

 R : , 1  
, and 𝐮𝑑 =

𝐇𝐯𝑑

σ𝑑
 (5) 

On the other hand, when NR < NT, we only need to interchange vd 
with ud in (5). The advantage of applying partial update is to 
effectively reduce the decomposing latency. 

C. Adaptive Step Size Scheme (line 7 in Table I) 

The step size μi is an important parameter for the convergence 
speed and stability of the algorithms. Fixed step size is inefficient and 

not robust for all kinds of channel matrices. In [6], the step size is 
adaptively adjusted as 0.05/λi(n). From the convergence rate analysis 
of the proposed algorithm, the value 0.05/λi(n) is still too small for 
fast convergent purpose. Therefore, for the goal of fast and stable 
convergence, the proposed adaptive step size is given by 𝜇𝑖 𝑛 =
1  2𝜆𝑖 𝑛   . 

IV. ARCHITECTURAL DESIGN OF PROPOSED SVD ENGINE 

In this section, the architectural designs of the proposed SVD 
engine are presented. As mentioned before, there are possibly 16 
antenna modes in an 802.11n system. Therefore, we propose the 
reconfigurable scheme to support all 16 modes. Furthermore, the 
main computational time of our SVD engine is in the update state. 
Hence, for the design of the update state, we propose three schemes 
to reduce the decomposing latency and enhance the hardware 
utilization. The description of the proposed schemes is shown in 
detail as follows. 

A. Reconfigurable Scheme for Different Size of Channel Matrix 

In the IEEE 802.11n standard, the number of transmit antennas or 
receive antennas is defined from 1 to 4. This means that we have 
possibly 16 different sizes of channel matrices (i.e., 1×1, 1×2, 1×3, 
1×4, 2×1, 2×2, 2×3, 2×4, 3×1, 3×2, 3×3, 3×4, 4×1, 4×2, 4×3, and 
4×4). Therefore, we propose a reconfigurable scheme to support all 
16 matrix sizes. At first, we divide the channel matrix into two 
classifications. One is the square channel matrix (i.e., NR = NT), and 
the other is the non-square channel matrix (i.e., NR ≠ NT). 

1) Zero Padding Technique for Square and Non-square channel 

matrices 
The maximum size of channel matrix is 4×4 in an 802.11n 

system. Hence, it is intuitively to design an SVD engine to support 
the maximum channel size. For the smaller channel matrix, we can 
extend it to the maximum-size channel matrix by inserting zeros. For 
example, if the size of a channel matrix is 3×2 and we define the 
maximum channel size is 4×4, the extended channel matrix is  

𝐇extended =  

ℎ11

ℎ21

ℎ31

0

 ℎ12   
 ℎ22  
 ℎ32  

0 

0  
0  
0  
0  

0
0
0
0

 

4× 4

 (6) 

After extending the original matrix by inserting zeros, the SVD 
operation of the original channel is exactly the same as that of the 
maximum-size channel matrix.  

Generally speaking, for an NR×NT channel matrix, we need to 
find d singular values, NR left singular vectors, and NT right singular 
vectors, where d = min(NR, NT). After applying the proposed 
algorithm, we can find d singular values, d left singular vectors, and d 
right singular vectors. If the channel matrix is square, it means that d 
= NR = NT. Therefore, we can find all singular values and singular 
vectors. But for the case of non-square channel matrix, assume that 
NR > NT, we have d = NT. there are still (NR－NT) unsolved left 

singular vectors after applying the proposed algorithm. Hence, for 
non-square channel matrix, we need to apply the following technique 
to find the remaining singular vectors. 

2) Simplified Gram-Schmidt Technique for Non-square Matrix 
For a non-square matrix, we need to find the remaining singular 

vectors. For the case when NR > NT, there are (NR − NT) unsolved left 
singular vectors (i.e., 𝐮𝑁𝑇+1, 𝐮𝑁𝑇+2 ,… , 𝐮𝑁𝑅

). On the other hand, 

when NR < NT, there are (NT − NR) unsolved right singular vectors 
(i.e., 𝐯𝑁𝑅+1 , 𝐯𝑁𝑅+2, … , 𝐯𝑁𝑇

). Notice that both the cases are similar. To 

find these remaining vectors, recall that U and V are the unitary 
matrices, the column vectors in U or V are orthonormal to each other. 
Therefore, the remaining vectors can be obtained by applying the 
Gram-Schmidt technique [2]. First, we consider the case of NR > NT.  

535



λi(n+1)

Early 

Termination 

Check

z−1

z−1
z−1

I

Premultiply

wi(n+1)H

I

 R16 … R3 R2 R1

+
−

wi(n+1)

16 16Shifter

z−1

z−1
I

z−1
I

 

Fig. 2. Three proposed schemes in the update state: Division-free adaptive step 
size scheme, early termination scheme, and data interleaving scheme. 

After applying the proposed algorithm, we already have 𝐮1 , 𝐮2,…, 
and 𝐮𝑁𝑇

. Then the remaining left singular vectors can be obtained by 

                 𝐰𝑁𝑇+𝑘 = 𝐞𝑘 −   𝐞𝑘 , 𝐮𝑖 𝐮𝑖

𝑁𝑇+𝑘−1

𝑖=1
 

                  𝐮𝑁𝑇+𝑘 =
𝐰𝑁𝑇+𝑘

 𝐰𝑁𝑇+𝑘 
              𝑘 = 1,2,… ,  𝑁𝑅 − 𝑁𝑇  

(7) 

where ek is orthonormal to ej with k ≠ j, and ek is unequal to ui with 1 
≤ i ≤ (NT + k − 1). Due to the fact that the entries of a channel matrix 
are always complex-valued, we can define ek as a unit vector with the 
kth entry being 1. With this setting, we can rewrite  𝐞𝑘 ,𝐮𝑖  into a 
more simplified form: 

  𝐞𝑘 ,𝐮𝑖 =  𝐮1 ,𝐮2 , … ,𝐮𝑁𝑇+𝑘−1  𝑢1,𝑘 ,𝑢2,𝑘 ,… , 𝑢𝑁𝑇+𝑘−1,𝑘  
𝐻

 
  𝐞𝑘 ,𝐮𝑖 = 𝐞𝑘 − 𝐆𝑘𝐠𝑘  

(8) 

where uj,k means the kth element of uj. Note that for the case of NR < 
NT, we only need to replace ui with vi and to interchange NR with NT 
in (7) and (8). After this simplification, it is easier to implement a 
reconfigurable Gram-Schmidt design for different size of channel 
matrix. We can choose the maximum size of ek, Gk, and gk in advance. 
In an 802.11n system, the maximum size of ek, Gk, and gk is 4×1, 4×3, 
and 3×1, respectively. For other cases, we just need to insert zeros 
into smaller ek, Gk, and gk. The computational complexity of 
simplified Gram-Schmidt algorithm is greatly smaller than that of the 
original Gram-Schmidt algorithm. 

B. Division-Free Adaptive Step Size Scheme 

In order to achieve fast convergent purpose, the step size μi(n) is 
adaptively adjusted with λi(n). Obviously, in Table I, there is a 
division at every iteration in the update state. This will slow down the 
operating speed. For this reason, we propose a division-free adaptive 
step size scheme to avoid the division in the update state. Due to the 
property of the step size [10], we don’t need to calculate the exact 
value of μi(n). If we transform λi(n) into a number of powers of two 
which is the nearest to and greater than λi(n). Therefore, the new step 
size can be expressed as 𝜇𝑖

′ 𝑛 = 1  2 ∙ 2𝑡  , where t is an integer, 
and its value depends on the wordlength of λi(n). Since the new step 
size is a number of powers of two, a shift operation can be substituted 
for a division at every iteration in the update state. Also notice that 
0 < 𝜇𝑖

′ 𝑛 ≤ 𝜇𝑖 𝑛 . The stability of convergence is still guaranteed. 
The block diagram of the update state with division-free adaptive step 
size scheme is shown in Fig. 2. Although the number of converged 
iterations increases, the required time at every iteration can be 
effectively reduced. Hence, the overall latency is reduced.  

C. Early Termination Scheme 

In the update state, the correction vector for wi(n+1) is given 
by Δ𝐰𝑖 𝑛 = 𝜇𝑖 𝑛  𝐑−𝜆𝑖(𝑛)𝐈 𝐰𝑖 𝑛 . For a floating-point view, 
Δwi(n) is always non-zero. But for a fixed-point implementation, 
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Fig. 3. Block diagram of the proposed SVD engine. IO wordlengths are 

indicated, the numbers are (integer, fractional). 

 
Fig. 4. Performance comparison in BER. 

Δwi(n) can be considered as a vector with all elements being zeros if 
wi(n) is converged. From the simulation analysis, almost every wi(n) 
is converged within 64 iterations. Hence, we define the maximum 
iteration number is 64. Clearly, after wi(n) is converged, the 
remaining iteration operation is redundant. In order to further reduce 
decomposing latency and enhance hardware utilization, we propose 
an early termination scheme as follows: 

if   𝐑−𝜆𝑖 𝑛 𝐈 𝐰𝑖 𝑛 == 𝟎 
         Terminate and go to the deflation state 
else 
         Keep iterative operation 

(9) 

where 0 is an all-zero vector. Since μi(n) is always a positive value, 
we don’t include it in (9). The block diagram of the update state with 
early termination scheme is shown in Fig. 2. Notice that the overall 
performance with early termination is the same as that without early 
termination. 

D. Data Interleaving Scheme 

Since an 802.11n system belongs to the MIMO-OFDM wireless 
communication system, there are 56 or 114 subcarriers and each 
subcarrier has its own channel matrix. Hence, the SVD engine needs 
to deal with 56 or 114 channel matrices before data transmission. 
Motivated from [6], we apply the concept of data-interleaving to our 
SVD engine to deal with 16 channel matrices at the same time. The 
main architectural change is in the update state as shown in Fig. 2. 
We insert 16 memory units in the loop to store wi(n) and λi(n) of each 
channel matrix.  

V. FIXED POINT ANALYSIS AND SYSTEM SIMULATION 

To determine the wordlengths in our SVD engine, we performed 
extensive floating point simulation and dynamic range analysis. Fig. 
3 shows the block diagram of our SVD engine. The wordlengths of 
IO signals we used in the fixed-point simulation and chip 
implementation are shown in the form (integer, fractional). Then, the 
proposed SVD engine is applied to the IEEE 802.11n PHY system 
[5]. The performance metric is bit error rate (BER). The simulation 
environment settings are listed below: 1) AWGN, Ch E (nLOS) 
channels [8], 4 spatial streams. 2) Assume perfect channel state  

0 2 4 6 8 10 12 14 16
10

-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

SNR (dB)

B
E

R

 

 

Ideal SVD with floating point

Proposed SVD with fixed point

Proposed SVD with floating point

536



 

Fig. 5. Die photo of the reconfigurable SVD engine design. 

information is obtained. 3) Signal constellation: 4QAM. 4) FFT 
(IFFT) size: 128. 5) Code rate 1/2 convolutional code with constraint 
length 7, generator polynomials [133 171] [9]. 6) Block interleaving 
is used. The simulation result is shown in Fig. 4. Our target BER is 
10−5. In the floating-point view, the proposed adaptive SVD 
algorithm has no performance loss compared with the ideal SVD. 
Besides, the performance loss due to the fixed-point implementation 
of the proposed algorithm is only 0.4dB. 

VI. CHIP IMPLEMENTATION 

The chip design is fabricated in UMC 90 nm 1P9M Low-K 
CMOS technology and measured with Tektronix pattern generator 
TLA 715 and logic analyzer TLA 5203. Fig. 5 shows the die photo of 
the fabricated chip design. The chip feature is summarized in Table II. 
The core size is 1.475 mm × 1.475 mm. The number of total gate 
counts is 543.9 K. The die size is 2.22 mm × 2.22 mm giving a total 
area of 4.93 mm2. The maximum operating frequency is measured 
101.2 MHz and the total power consumption is measured 125 mW 
for 4×4 SVD operation. The chip result shows that for an 802.11n 
system, the average latency of our SVD engine is about 0.38% of the 
WLAN coherence time. Therefore, our SVD engine is very suitable 
for the IEEE 802.11n applications. In order to consider reduction of 
power consumption, we can reduce the core supply voltage to 0.65V 
as shown in Fig. 6. The corresponding maximum operating frequency 
and power consumption are 43.48 MHz and 22.1 mW, respectively. 

In summary, the reconfigurable SVD engine design is compared 
with other chip design as shown in Table III. [6] proposed an SVD 
chip without the need of channel state information. It only supports 
the 4×4 antenna system and implements the UΣ algorithm which is 
not entire for SVD. In the IEEE 802.11n standard, the channel state 
information is known by channel estimation. Hence, given the 
channel state information, our work can perform complete SVD. This 
means that after decomposing the channel information, we can obtain 
the complete information of U, Σ, and V. Besides, another important 
feature of our work is to support all antenna modes in an 802.11 
system. 

VII. CONCLUSION 

We propose a reconfigurable SVD engine design for the IEEE 
802.11n standard. The proposed strategies can effectively reduce the 
decomposing latency to increase system throughput, enhance 
hardware utilization, and support all antenna modes in an 802.11n 
system. The simulation result shows that the proposed SVD engine 
has very little performance loss compared with the perfect SVD case. 
This engine is fabricated in UMC 90 nm technology. The maximum 
operating frequency is measured 101.2 MHz with power 
consumption of 125 mW. The chip result shows that for an 802.11n 
system, the average latency of our SVD engine is about 0.38% of the 
WLAN coherence time. Therefore, the proposed SVD engine is very 
suitable for the IEEE 802.11n applications. 
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Core Area 1.475mm × 1.475 mm (2.17mm2)

Die Area 2.22mm × 2.22 mm (4.93mm2)

Gate Count 543.9k

Frequency 101.2MHz (max)

Power Consumption 125mW@101.2MHz

JSSC’07 [6] This work

Support 

Antenna Mode
4×4

1×1, 1×2, 1×3, 1×4

2×1, 2×2, 2×3, 2×4

3×1, 3×2, 3×3, 3×4

4×1, 4×2, 4×3, 4×4

Target Application WLAN 802.11n

Channel 

Estimation
Without channel estimation

Need channel estimation

(802.11n ready)

SVD U and Σ U, Σ, and V

Technology 90nm 90nm

Core Size 3.61mm2 2.17mm2

Gate Count 980k 543.9k

Frequency 100MHz 101.2MHz

Power 34mW@0.4V 125mW@1V
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