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Abstract
In this paper, we present a Systems-on-Chip (SoC) de-

sign for the 3G Code Division Multiple Access (CDMA)
receiver using the multiple-input multiple-output (MIMO)
technique. Our chip integrates the entire digital signal pro-
cessing part of the receiver. Furthermore, the proposed de-
sign can be reconfigured in real-time to handle different
modulation schemes based on the signal-to-noise ratio, re-
sulting in the highly efficient use of spectrum and energy.
Designed using a 0.18�m standard cell library, our chip has
a core area of 20 mm� and achieves a maximal throughput
of 5 Mbps in simulation with 610 mW power dissipation.

1 Introduction

MIMO technology is a scheme that promises substan-
tial increase of wireless channel capacity by deploying an-
tenna arrays at both transmitters and receivers. Unfortu-
nately, the design of MIMO SoCs is limited due to the high
computational complexity of MIMO algorithms and strin-
gent power constraints of MIMO applications. This paper
presents a SoC implementation of the 3G CDMA receiver
that utilizes the MIMO technology. The receiver targets at
a MIMO channel with four transmit antennas and four re-
ceive antennas. Our chip has a very high level of system in-
tegration. It contains all digital processing components of
the MIMO CDMA receiver and is able to perform signal
equalization, maximum likelihood MIMO detection, and
turbo decoding. The novelty of our design also stems from
its reconfigurability. The current implementation can be re-
configured in real time into two decoding modes that han-
dle 16QAM and QPSK modulations, respectively. More
modulation schemes can be handled by replacing a ROM
in our design with a flash memory and corresponding flash
memory updating circuits.

Our SoC design strategy achieves a high-performance
and low-power MIMO receiver. In particular, the integra-
tion of a large number of modules on a single chip not only
provides a high computational capacity but also reduces
the overhead due to the data transfer among modules. Our
MIMO receiver is designed using a 0.18�m CMOS tech-
nology. Simulation results have shown that our receiver
achieves a 5 Mbps transmission rate at each user’s end. The
chip core area and average power dissipation are 20mm�

and 610 mW, respectively.

The rest of this paper has four sections. Section 2 re-
views background information on MIMO designs. Sec-
tion 3 describes the details of our MIMO receiver. Sec-
tion 4 presents our design procedure, final chip layout, and
simulation results. Section 5 summarizes this paper.

2 Background

2.1 CDMA MIMO communication

Figure 1 shows the encoding procedure in a CDMA
MIMO channel with four transmit antennas. The raw data
from several users are first encoded using convolutional
codes. The coded bit streams are converted into symbols
and spread using Walsh codes, which are different for var-
ious users. The symbols from multiple users are added to-
gether to form the transmitted symbols. Since four transmit
antennas are used, the transmitted symbols are distributed
to four transmission paths evenly. In each path, the sym-
bols are combined with the pilot symbols first. The results
are multiplied with scrambling codes to increase the over-
all signal randomness. Finally, the scrambled symbols are
sent out through an antenna. Note that different transmis-
sion paths have different pilots and scrambling codes.
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Figure 1. A CDMA transmitter diagram.

The transmitted signals from all antennas are combined
in the wireless channel. On the receiver side, the continu-
ous signals are sampled to produce the received symbols.
Mathematically, if ���� represents the transmitted symbol
� at antenna � � ��� �� �� �� and � is the interference
window width, the �th received symbol at receive antenna
� � ��� �� �� ��, denoted as �����, can be described as

����� � 	
� � 	���� � ���� � (1)

where ���� is the additive white Gaussian noise, 	
� is the
space-time channel vector with a dimension of ��� , and
	� is a vector consisting of transmitted signals ���� , � �
��� �� �� ��, � � ��� �� �� � � � � ��� � ��.



The receiver recovers the transmitted user data from the
received symbols. In particular, since the channel vector
	
� is often stable, adaptive filters can be used to estimate
transmitted symbols from the received ones. To eliminate
the white Gaussian noise, maximum likelihood detection is
often applied. To this end, Turbo decoding has been shown
very effective in noise elimination [2, 6, 9].

2.2 Previous MIMO receiver design

Since the discovery of the MIMO technique, several at-
tempts have been made to implement MIMO based sys-
tems. In particular, the Bell Labs layered space-time ar-
chitecture is the first MIMO architectural design [3]. Early
hardware prototypes of MIMO implementations are based
on DSP microprocessors or FPGAs [5, 7, 8]. These early
designs dissipate prohibitively high power and are there-
fore impractical for mobile applications. The ASIC im-
plementation of a MIMO receiver has been developed by
Bell Labs, Lucent Technologies, targeting at the high speed
downlink packet access applications for 3G networks [4].
This chip can only handle QPSK modulation for � � �
MIMO configuration, i.e., four transmit and receive anten-
nas, however. Airgo Networks Inc., has also announced
its MIMO chip set, targeting at the next-generation broad-
band wireless LAN applications. To our knowledge, how-
ever, no single chip implementation of MIMO receiver has
been reported in the literature that consists of both adaptive
filtering and Turbo decoding.

3 SoC Design of MIMO receiver

Our SoC is based on the configuration of four trans-
mitters and four receivers. It supports two modulation
schemes: 16QAM and QPSK. Figure 2 shows the over-
all system architecture with five key components. The in-
put buffer serves as the temporary storage for the received
symbols. The equalization module applies the adaptive fil-
tering technique to remove the inter-symbol interference
and spatial correlation among antennas. It also despreads
the equalized symbols. The flat channel estimation module
uses the equalization results to estimate the channel ma-
trix. The sphere decoder produces a posteriori probabilities
(APP) of potential transmitted symbols. The APP results
are then used by the turbo decoder to compute the user
data. The following sections describe the detailed imple-
mentations of the equalization module, the sphere decoder,
and the turbo decoder.
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Figure 2. MIMO receiver diagram.

3.1 Equalization module

The equalization module consists of four equalizers, de-
riving the transmitted symbols from four transmit anten-
nas, respectively. The difference among them is that differ-
ent pilots and scrambling codes are used. Figure 3 shows
the block diagram of one equalizer. It contains four fi-
nite impulse response (FIR) filters, one for each receive
antenna. The filter lengths are set to 16 to handle inter-
symbol interference that spans across 16 consecutive sym-
bols. The filter outputs are added together. The summation
result is despread to generate the equalized symbols.
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Figure 3. Equalizer diagram.

We adopt the correlation-based scheme in [4] to gener-
ate the coefficients for the FIR filters. Specifically, two cor-
relator modules are designed. The input correlator contains
four submodules, each of which performs the correlation
of one distinct input symbol sequence and a special pilot
sequence, called C-SS pilot. The C-SS pilot is the conju-
gate of the spread and scrambled pilot. The output corre-
lator correlates the summation of four FIR outputs and the
C-SS pilot. The result derived by the output correlator is
compared with the expected amplitude. The difference, de-
noted as the normalized least mean square (NLMS) error,
is then used in conjunction with the outputs from the input
correlator to update the coefficients of the FIR filters.

3.2 Sphere decoder

The equalization module is not effective in reducing
the white Gaussian background noise in the communica-
tion channel. As a result, its output symbols 	
 unlikely
match any constellations. If the entire effect of the chan-
nel and equalization procedure is modeled as a flat-channel
matrix 	�, the transmitted symbol vector 	�� should satisfy
	
 � 	�	��. In practice, a flat channel matrix estimation �

is used to approximate 	� . The transmitted symbol vec-
tor 	� � ���� ��� ��� ��� that minimizes the cost function
��	�� � ���	�� 	
��� can be used as the estimation for 	��.

Our MIMO receiver targets at the configuration of 4
transmit antennas and 16 QAM modulation. Consequently,
there exist �
� � 
�� ��
 different symbol vectors, making
it impractical to derive the 	� that minimizes ��	�� by calcu-
lating the cost functions of all possible symbol vectors. We
implement a technique called sphere decoding to simplify



the search for the minimal ��	��. The basic principle of
sphere decoding is that the symbol vector 	� which results
in a small ��	�� � ���	� � 	
��� is likely to have a small
��	�����	
���. Consequently, we only calculate ���� for a
limited number of 	� around the location ���	
.

Our sphere decoding procedure can be explained by
Figure 4. The black dots represent the symbol vectors. The
unconstrained estimation �� � ���	
 is first calculated.
Using �� as the center, a circle with a gradually increasing
radius is created. A search path can be formed by placing
the black dots, i.e., symbol vectors, in the order that they
are crossed by the circle. The number of symbols on each
path is selected based on the receiver throughput require-
ment. Apparently, different �� may have different search
paths. We partition the symbol vector space into several
regions. All �� in a single region share the same path. A
memory module is designed as a look-up table to store all
paths so that, whenever an �� is derived, the corresponding
search path can be applied.
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Figure 4. Sphere decoder algorithm illustration.

The block diagram of the sphere decoder is shown in
Figure 5. It can be divided into two major parts. The
first part includes the decomposition of channel matrix and
calculation of the unconstrained transmitted symbol. The
second part performs a search procedure that derives the
minimum cost function. In particular, a matrix computa-
tion block computes the symbol cost function and a matrix
enumeration block determines the next candidate symbol
along the search path. Both matrix computation and enu-
meration blocks contain two identical datapaths that oper-
ate in parallel for high throughput. All search paths are
stored in the path look-up memory (PLM). In our design,
the PLM is a ROM that contains paths created for QPSK
and 16QAM modulations. Other modulation schemes can
be handled by changing the PLM contents or converting
the ROM into a programmable memory. A book-keeping
module records the cost function values of all symbols vis-
ited during the search. It also computes the log-likelihood
ratios (LLRs) for each equalizer output 	
 as follows.

�
�
� ��� � ��	
�

� ��� � ��	
�
� � ��


���������������
��	��� ��


���������������
��	�� �

(2)
where �� is the bit � of the transmitted symbol and ��

is the search path. The transmitted symbols can then be
estimated using the LLRs.
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Figure 5. Sphere decoder diagram.

3.3 Turbo decoder

Our Turbo decoder conducts Turbo decoding using the
LLRs from the sphere decoder and further reduces the
communication bit error rate. Its block diagram is shown
in Figure 6. It contains a datapath loop since Turbo de-
coding algorithm performs probability propagation itera-
tively in the Trellis graph defined by the encoding proce-
dure. In particular, it first derives the branch transition met-
ric � based on the data from the sphere decoder. It then
calculates the forward recursion metric � and the back-
ward recursion metric �. The values of �, �, and � are
updated iteratively and used to derive the decoding results.
Although Turbo decoding algorithm consists two decod-
ing processes that operate interchangeably, we implement
only one decoder and use it in a time-multiplexing man-
ner to reduce the chip area. We pipeline the datapath for
high throughput. Furthermore, we apply the sliding win-
dow scheme [1] that limits the length of probability propa-
gation to 16 Trellis columns for memory reduction. In the
sliding window scheme, the state probabilities or branch
transition metrics in three consecutive windows are calcu-
lated simultaneously using the �, �, �, and pre-� blocks.
Total 11 rounds of iterations are performed.
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Figure 6. Turbo decoder.

4 Chip Design Results

4.1 Design flow

Our MIMO receiver is designed using a hierarchical
ASIC design flow. Specifically, a MATLAB implemen-



tation of the target MIMO system is created first. In addi-
tion to the hardware verification purpose, the derivation of
the MATLAB code provides an efficient way to optimize
the MIMO receiver at the algorithm level. Once the MAT-
LAB code is finalized, the MIMO receiver is designed in
Verilog hardware description language. The datapath and
controller modules are synthesized using design compiler
from Synopsys. The memory modules are generated us-
ing the Artisan memory compiler. The layout of our SoC
design is created using automatic placement and routing
tool soc encounter from Cadence. The functional verifi-
cation of the MIMO receiver is performed by simulating
the synthesized Verilog code and comparing the results in
a bit-by-bit fashion with those of the MATLAB simulation.

4.2 Chip performance and layout summary

We have simulated our MIMO receiver to demonstrate
its performance. Specifically, the transmitted binary data
are generated randomly. The transmitted symbols are de-
rived based on the MIMO transmitter design described
in Section 2.1. We model the wireless channel as a fre-
quency selective channel with inter-symbol interference.
The transfer function of the channel is written as ���� �

��

���
	�� �

	�����
	 �� , where � is a constant smaller
than 1 and � denotes the white Gaussian noise.

Figure 7 shows the BERs of our MIMO receiver under
two modulation schemes, since our MIMO receiver can
be reconfigured to handle 16QAM and QPSK. For each
scheme, we performed simulations for three different chan-
nels with � equal to 0.3, 0.4 and 0.5 respectively. For each
value of �, we changed the signal to noise ratio (SNR) by
varying the amplitude of the white Gaussian noise � .
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Figure 7. Bit error rate of the MIMO receiver.

The layout of the MIMO receiver is shown in Figure 8.
It is designed using a 0.18 �m standard cell library with 6
metal layers. It contains 0.27 million logic gates and 23
memory modules. The chip core area is 20���. With a
power supply of 1.8 volts, the chip can operate at 80 MHz
and deliver a throughput of 5 Mbps per user, capable of
supporting a 75 Mbps wireless channel with 15 users. The
estimated power dissipation is 610 mW.

Figure 8. Full chip layout.

5 Conclusion

This paper presents a SoC implementation of a 4�4
MIMO receiver that targets at CDMA applications. The
receiver design achieves a very high level of integration by
combining the adaptive filtering based equalization, sphere
decoding, and Turbo decoding on a single chip. It can be
reconfigured to handle 16QAM and QPSK modulations.
Timing analysis results have shown that our receiver can
provide a data transfer capacity of 5 Mbps per user. It
achieves a BER as low as �� ���� at a SNR of 10 db.
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