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Abstract - In this paper, we present a prototype FPGA
design for an e�cient physical layer implementation of a
MIMO-OFDM technique. We propose a pipelined architec-
ture using a Fast Fourier Transform that is shared across
modulations for the system. Our experimental results show
that the proposed implementation saves at least 30 percent
of the hardware resources, while achieving the same data
rate as known baseline MIMO-OFDM implementations. In
our performance analysis, we show that this data rate can
be doubled, with approximately the same resource reduction.
We also identify the role of dynamic recon�guration in
MIMO-OFDM systems.
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1 Introduction
High data rate wireless communication has improved by

a factor of minimum four while migrating from one gener-
ation to next generation [26]. The technology is based on
Orthogonal Frequency Division Multiplexing (OFDM). The
upcoming standard 802.11n WLAN, however, can achieve
250 Mbits/s by virtue of Multiple Input Multiple Output
OFDM (MIMO-OFDM) technology. This ongoing evo-
lution has accelerated the development of system-on-chip
(SoC) platforms to support the physical layer of those tech-
nologies [3].

The SoC platforms must satisfy two requirements in order
to support this wireless technology [14]. First, the platfo rm
must be able to satisfy the tremendous data rate. A single
DSP chip cannot currently support 54 Mbits/s [16]. The
second requirement is 
exibility. Wireless communication
is obviously less reliable than wired communication. For
example, the IEEE standard 802.11a [1] has various com-
munication modes with possible data rates of 6, 9, 12, 18,
24, 36, 48, and 54 Mbits/s. For the SoC to adapt to dif-
ferent operating conditions and standards, there need to be
not only the real time conversion of mode in a wireless com-
munication protocol, but also a conversion between di�eren t
protocols.

To implement the OFDM or MIMO-OFDM physical layer
on an SoC, many e�orts have been carried out by DSP,
VLSI, FPGA, and communication groups. In [23], an op-
timized DSP implementation of an OFDM transmitter was
developed. Application speci�c integrated circuit (ASIC)
chips and test-beds for MIMO-OFDM were proposed in [24].
In [6], a prototype �eld programmable gate array (FPGA)
implementation of an OFDM physical layer is shown using
the Xilinx System Generator . Manavi et al. [13] provide

the design and implementation of an OFDM transceiver mo-
dem using the Xilinx Core Generator . Both studies use
FPGA intellectual property components (IP Cores), and
libraries to build most of the kernels. An OFDM wire-
less transceiver for 802.16 WiMAX (Broadband Wireless
Access Technology), using Lattice FPGA and IP Cores
is described in [12]. A test-bed for MIMO-OFDM using
FPGA transceivers and their customized hardware boards
is developed in [21]. This test-bed is built using Virtex-II
transceiver boards. The bene�t of recon�gurable architec-
ture for wireless communication is discussed, and its po-
tential is explored through prototyping [14]. In [5], parti al
recon�guration for Software De�ned Radios (SDR) using
the SelectMAP interface of the Xilinx Virtex FPGA is pro-
posed.

In this paper we propose a new pipelined architecture
for MIMO-OFDM systems. Our architecture improves re-
source utilization, compared with the architectures of [24 ]
and [21]. We also identify the role of dynamic recon�gura-
tion in MIMO-OFDM systems ([14], [5]).

FPGAs supporting recon�gurability with very high per-
formance have recently entered the market [14]. Utilizing
these features can satisfy two requirements of the wireless
communication physical layer simultaneously. The 
exibil -
ity allows the device to change data rate, and increase di-
versity and range as needed. The dynamic (runtime) recon-
�guration approaches o�er the opportunity to replace oper-
ating modules at runtime. Thus, dynamic recon�guration
can result in e�cient resource utilization while providing

exibility.

In this paper, an e�cient FPGA design of a MIMO-
OFDM physical layer is presented. We start with the design
of an OFDM physical layer that follows the IEEE standard
802.11a. We then devise an e�cient pipelined architecture,
and incorporate it into the MIMO-OFDM physical layer.
In our experiments, we compare our pipelined architecture
to the baseline MIMO-OFDM physical layer implementa-
tion. The baseline MIMO-OFDM system uses the same
number of fast Fourier transform (FFT) blocks as antennas.
The implementation e�ciency of our pipelined architecture ,
compared with the baseline MIMO-OFDM system, is evalu-
ated using two methods: (1) using just one FFT block, and
(2) using Radix-2 pipelined streaming FFT block, versus
a Radix-4 FFT block used in the baseline MIMO-OFDM
system. Our experiments show that at least 30 percent
of the resources in the baseline MIMO-OFDM system can
be saved using our proposed architecture, while achieving
the same data rate. We also show that this data rate can
be doubled, with approximately the same resource reduc-
tion. Moreover, by exploiting the dynamic recon�guration,
our MIMO-OFDM system can adapt to various operating



modes. We also present experimental results and analysis
regarding dynamic recon�guration.

This paper is organized as follows. Section 2 presents
a brief overview of MIMO-OFDM systems. Section 3 de-
scribes our proposed architecture and performance analysis.
Section 4 discusses opportunities for using dynamic recon-
�guration. In Section 5, we provide experimental results,
and we conclude in Section 6.

2 Background

In this section, we present a brief overview of MIMO-
OFDM systems.

2.1 Orthogonal Frequency Division
Multiplexing

Frequency Division Multiplexing (FDM) transmits multi-
ple signals simultaneously over a single path. Each signal
has a unique frequency range (carrier). Orthogonal FDM
(OFDM) [10] is a special case of FDM where a single data
stream is distributed over several lower rate sub-carriers.
In other words, one signal is transmitted by multiple carri-
ers. Sub-carriers are separated by given frequency ranges,
to avoid cross-carrier interference. The bene�t of orthogo -
nality is that it gives a high spectral density (maximizing
channel usage). A guard band interval is employed to avoid
the Inter-Symbol Interference (ISI) problem [10].

2.2 Multiple Input Multiple Output
A third dimension, space, is introduced into the traditiona l
frequency-time domain. The idea is to transmit multiple
streams of data on multiple antennas at the same frequency,
to increase throughput. Typically, multiple receiver ante n-
nas are used as well, since this con�guration achieves high
data rates, multiplied by the number of channels between
either end. This principle is called Multiple Input Multipl e
Output (MIMO) [22].

There are two methods widely used for transmitting
MIMO data. If the channel has a negligible error rate, we
can send several data simultaneously over multiple anten-
nas. This is known as spatial multiplexing, which utilizes
the spectrum very e�ciently. In contrast, if the environmen t
has high error rate, we transmit the same data over multiple
antennas. This is called as space-time coding. The purpose
of this approach is to increase the diversity of MIMO to
combat signal fading.
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Figure 1: The MIMO principle

The essential purpose of a MIMO system is to determine
which antenna is corresponding to which data on the re-
ceiver side. As shown in Figure 1, Rx1 receives data from
all the transmitter antennas, Tx1, Tx2, and Tx3. Thus, we

must have a special decoding algorithm to identify which
antenna has transmitted which data to Rx1.

2.3 Overview of MIMO-OFDM Kernels
A kernel of MIMO-OFDM indicates each component shown
in Figure 2 and 3. These �gures show the transmitter and
receiver data 
ows, respectively. The computational com-
plexity of each kernel is given in the Appendix. The 802.11n
and the 802.16e standards for MIMO-OFDM have not yet
been established: the input and output data rates shown in
these �gures are based on our assumptions. We assume that
the data rate of MIMO-OFDM is N times that of OFDM, if
we useN antennas in both the transmitter and the receiver.
In the case of the OFDM standard, 20 Mega symbols per
second are required. The function of a receiver kernel is the
reverse of the corresponding transmitter kernel with the ex -
ception of a few blocks. In the following, we brie
y describe
the kernels of the transmitter and receiver.

2.3.1 Kernels in the Transmitter

Convolutional coding : The convolutional coding is indis-
pensable in wireless communication system. It is used for
error correction, by adding redundant bits to the original
data.

Puncturing : Puncturing removes some of the bits to
reduce the redundancy in the data after convolutional
coding. Thus, we can achieve higher data rate. There are
three puncturing rates: 1/2, 2/3, and 3/4.

Interleaving : Interleaving combats signal fading. The
block size corresponds to the number of bits in a single
OFDM symbol.

QAM Mapping : After the bits are interleaved, they
are placed into groups of 1, 2, 4, or 6. Each of these
groups is mapped to a corresponding complex number,
which represents the orthogonal frequency of the OFDM
sub-carrier according to the modulation type - binary
phase shift keying (BPSK), quaternary PSK (QPSK),
16-quadrature amplitude modulation (QAM), or 64-QAM.
The modulation scheme is determined according to signal-
to-noise ratio (SNR) at the receiver. For example, if the
current modulation is 16-QAM and the SNR is decreasing,
the modulation is changed to QPSK to lower the error rate.

Frequency Domain Setting: Before the complex num-
bers are processed by the 64-pt IFFT operation, this kernel
inserts 4 additional symbols called a pilot. These pilots ar e
used for control, synchronization, and supervision. After
the addition of pilots, the total 52 complex numbers are
increased to 64 complex inputs to the IFFT kernel.

Parsing : The parsing kernel makes multiple indepen-
dent channels from one data stream. Spatial multiplexing
[8], space time coding (STC) [4], and eigen beam-forming
[7] are the most common parsing algorithms.

IFFT : This kernel performs an inverse fast Fourier
transform on 64 arranged signals (48 data signals, 4 pilot
signals, and 12 non-signals), in frequency domain. Our
main contribution is to optimize this block with a novel
pipelined architecture.



Figure 2: Transmitter data 
ow (Symbols are 32 bit complex nu mbers)

Figure 3: Receiver data 
ow (Symbols are 32 bit complex numbe rs)

Guard Interval Insertion : The 64 complex outputs of
the IFFT kernel are extended to form an array of 80
complex numbers by copying the last 16 outputs as the
guard interval prior to the �rst IFFT output. As previously
mentioned, this kernel is needed to avoid ISI.

Training Symbol Insertion : To help the receiver esti-
mate the e�ects of noise and distortion in wireless channels,
the transmitter inserts small, �xed length of training
symbols before transmission. In Figure 2 and 3, the kernels
used for signal recovery are �lled in gray color.

2.3.2 Kernels in the Receiver

We present explanations for the only two kernels in the
receiver without counterparts in the transmitter.

Time and Frequency Recovery: This kernel is com-
posed of packet detection, time synchronization, and
frequency correction. Packet detection roughly identi�es
transmitted signals and time synchronization exactly
distinguishes transmitted signals from noise signals.
Frequency correction estimates frequency error in the orig-
inal transmitted signals, and recovers the original freque ncy.

Channel Estimation : As explained in Section 2.1,
there are multiple sub-carriers used by OFDM technology.
Each sub-carrier is located at a particular frequency.
Wireless channels a�ect on these sub-carriers to varying
degrees. In the ideal channel case, this gain is 1 for all
sub-carriers. However, for the real channel environment,
the channel estimation block estimates the amount of gain
change, and recovers the original gain for each sub-carrier.

Dynamic recon�guration can be used in MIMO-OFDM
systems to change data rate, increase diversity, or increase
range. This idea is applied to three kernels: puncturing

(depuncturing), QAM mapping (QAM demapping), and
parsing (deparsing). A detailed analysis of dynamic
recon�guration is presented in Section 4.

3 Pipelined Architecture for
MIMO-OFDM

3.1 De�nitions
Before we describe our proposed architecture, we brie
y
de�ne several terms and notations used in this paper.

N � M MIMO-OFDM : N indicates the number of
transmitter antennas and M indicates the number of
receiver antennas, respectively. For example, 3� 3 MIMO-
OFDM has 3 transmitter antennas and 3 receiver antennas
as shown in Figure 1.

Baseline MIMO-OFDM : A MIMO-OFDM system that
uses as many IFFT blocks (or FFT blocks) as antennas in
the transmitter (or receiver). This simple idea conforms
with the basic theory of MIMO-OFDM, which suggests
that multiple data streams are modulated by their own
FFT blocks [22].

Way : The number of antennas that can be supported by
the proposed pipelined architecture with one FFT. For
example, 2-Way means that the proposed system achieves
the same data rate as the baseline 2� 2 MIMO-OFDM
system with two FFT blocks, as shown in Figure 5.

Pipeline stage period: The period of a pipeline stage.
In our pipelined architecture, this period is 4 � sec given by
existing OFDM standard [1]. The number of clocks ( CP ipe )
for this period varies with the system clock frequency. For



example, if the clock frequency for the FFT stage is 100
MHz, CP ipe is 400 (= 4 � sec/0.01 � sec).

FFT operation : FFT operation is composed of three
phases which are data loading, transforming and storing.
The number of clocks required are CL , CT , and CS

respectively. We use CF F T to denote the total number of
clocks needed for FFT operation in this stage. In the case
of one FFT operation, CF F T = CL + CT + CS .

FFT stage utilization : The FFT stage utilization in-
dicates how e�ciently the FFT stage is used. This can be
expressed as (CF F T / CP ipe )� 100.

Recovery blocks: For convenience, we use this term
to indicate the packet detection, time synchronization,
frequency recovery and channel estimation blocks.

3.2 Pipelined Architecture for MIMO-
OFDM

Before we describe the architecture of our system, we brie
y
present the baseline design methodologies that have been
used recently to implement the physical layer of OFDM or
MIMO-OFDM on SoC. Most design methodologies employ
pipelined architectures ([6], [12], [13], and [17]). In fact,
a pipelined architecture is essential for implementation o f
OFDM and MIMO-OFDM physical layers, due to computa-
tional requirements of OFDM as discussed in the following.

The OFDM standard requires us to generate 80 sym-
bols/sec at the end of the guard interval insertion block
within 4 � sec [1]. To produce one symbol per clock period,
the block needs to operate at 20 MHz. Moreover, if we con-
sider the complete data 
ow for processing one symbol, this
requirement means that our system should complete all of
its tasks - from the convolutional coding all the way to the
guard interval insertion - within 0.05 � sec. The pipelined
architecture is indispensable for such high throughput. Th e
optimized FFT library implemented on FPGA is also based
on pipelined architecture [9]. Thus, if we wish to take full
advantage of this library, we have no other choice but to
design our system using a pipelined architecture.

While migrating from OFDM to MIMO-OFDM, many
research groups have implemented their systems simply
by using as many IFFT (FFT) kernels as the number of
antennas in the transmitter (receiver) ([11], [21], [24]).
Figures 2 and 3 illustrate this idea. In these �gures, two
FFT blocks are used for two receiver-antennas and two
IFFT blocks for two transmitter-antennas. It is assumed
that the performance of the FFT block exactly meets the
requirement of the MIMO-OFDM data rate. However, a
faster FFT operation can lead to a less resource require-
ment, if we incorporate the following key characteristics o f
our design.

Stages in the architecture: There are three stages in
the proposed architecture: the STORE stage, FFT stage
and OUT stage. These are shown in Figure 4. The pipeline
period time is 4 � sec. Note that [6] and [13] also use
similar architecture. Since the FFT blocks of those designs
also operate based on a pipelined architectures, pre-FFT
(STORE)stages and post-FFT (OUT) stages are neces-
sary. In addition, 4 � sec is suitable as a pipeline period
because a transmission period for each group of modulated
data is 4 � sec [1]. Thus, a three stage pipelined archi-

tecture with 4 � sec for each stage is a good design solution.

Figure 4: Pipeline Flow (The size of a data frame is 80
symbols)

Figure 5: FFT operation of MIMO-OFDM

One FFT block for multiple modulations : Figure 5-a
illustrates the core of our design, and Figure 5-b illustrat es
the modulators of the baseline MIMO-OFDMs. Both of
our proposed architecture and the baseline MIMO-OFDMs
generate 40 Mega symbols/sec continuously as explained
in Section 2.3. However, the design in Figure 5-b uses
approximately twice as much resources, compared with the
design in Figure 5-a. T1 and T2 are the times at which
the �rst and second data from RAM1 arrive at FFT block,
respectively. Since two serial FFT operations must be
completed within 4 � sec, the time for one FFT operation
should be at most 2 � sec. Therefore, there is a critical need
to reduce FFT operation as shown in Figure 5-a.

A general technique for using only one FFT block (as in
Figure 5-a) is to increase the clock frequency for only the
FFT stage. Therefore, the overall data 
ow given in Figure
6 needs to be divided into three stages. Unfortunately, ther e
is no way to optimize the other two stages. In Figure 6,
the �nal output data from the STORE stage are stored
into RAM1a and RAM1b at 20 MHz. Even in the case of
one FFT operation, it can not be �nished within 4 � sec
by using a 20 MHz clock frequency. This is because FFT
operation requires more than the given 80 clocks at 20 MHz
as presented in Table 1. This constraint can be expressed
as follows.

CF F T = CL + CT + CS = 192 + 64 + 64 (1)

6< C P ipe = 4 �sec= 0:05�sec = 80

where CF F T , CL , CT , CS , and CP ipe are de�ned in Section
3.1. The values in Table 1 are obtained from Xilinx library.
Although the values in Table 1 may be di�erent from vendor
to vendor, the variance is small. Hence, we can use Table 1
for general performance analyses. In [6] and [13], the oper-
ating frequency of the FFT stage is 100 MHz and 72 MHz,



Figure 6: Proposed pipelined architecture

Table 1: Timing characteristics of various FFT kernel libra riesh h h h h h h h h h h hhPhase
Architecture Radix-4 FFT

(burst type)
Radix-2 FFT

(streaming type)
Radix-2 FFT
(burst type)

Transform ( CT ) 192 64 347
Load(Store)( CL ,CS ) 64 64 64

Stall 128 0 64

respectively. We set the frequency of the FFT stage at 100
MHz. To support this speci�c architecture, the dual port
RAM block is the appropriate candidate for implementing
the architecture, as it allows two independent Read/Write
accesses to data with di�erent operating frequencies.

A streaming FFT algorithm can also be used to reduce the
time spent in transform phase. We use a pipelined stream-
ing FFT block ([19]), based on Radix-2 Butter
y algorithm,
while the OFDM systems use a Radix-4 FFT algorithm [6],
[13]. Since the streaming FFT block provides a streaming
mode for computing the Discrete Fourier Transform (DFT),
there is no stalling of input. In Figure 6, inputs arrive at th e
FFT block as soon as all the previous inputs for processing
enter. As a result, the streaming Radix-2 FFT block takes
a minimum time for FFT transform among all the FFT
libraries .

3.3 Performance Analysis
In this section, we provide an analysis of our proposed
architecture followed by experimental results. In order to
illustrate the improvement in performance, we consider a
model that is composed of standard base-band processing
kernels for the MIMO-OFDM system. These standard
kernels are employed by all three systems: the OFDM
system, the baseline MIMO-OFDM system, and our
proposed MIMO-OFDM system. In Figures 2 and 3,
these kernels correspond to the white colored blocks. To
make a fair analysis, a time division multiplexing (TDM)
algorithm is used in the parsing block, because the resource
requirements are very small. Meanwhile, the recovery
blocks (shaded gray) are not included in our model for
analysis. Since there are no standards for these blocks,
there are large di�erences between the algorithms and

implementations. In short, our model assumes an ideal
wireless channel, which is noiseless.

FFT stage utilization
A Radix-4 FFT was used in [6] and [13]. Since the focus
in these papers was on the implementation of OFDM, one
FFT operation could utilize up to CP ipe for a FFT stage.
In other papers on the baseline MIMO-OFDM ([11] and
[24]), FFT stage utilization is almost equal because OFDM
has been extended to MIMO-OFDM in a straightforward
manner. Our proposed design can make the best use of
CP ipe . We can express the maximum number of clocks
(Cmax ) required for multiple FFT operations in the FFT
stage as follows.

Cmax = Max f CL + n � CT + CS g

= CL + NF F T � CT + CS (2)

� CP ipe

where NF F T is the maximum number of FFT operations for
the FFT stage. The maximum number of available clocks
should be less than or equal to CP ipe (400 clocks at 100
MHz) in a FFT stage. To get NF F T , the values in Table 1
are used for CL , CT and CS in Equation 2.

For example, in the case of OFDM or baseline MIMO-
OFDM system, the following inequalities apply.

Cmax = 64 + NF F T � 192 + 64

� CP ipe

NF F T �
(400 � (64 + 64))

192
� 1:42 (3)

According to Equation 3, NF F T = 1 and Cmax = 256. For
the proposed pipelined architecture ( CL = CS = CT = 64),



NF F T = 4 and Cmax = 384. Our key idea is to maximize the
FFT stage utilization for the proposed architecture. This
FFT stage utilization ( u) is expressed as follows.

u = Cmax =CP ipe

In our case, unew = 384 clocks/400 clocks = 96% at 100
MHz, and in the case of OFDM and baseline MIMO-
OFDMs, uofdm = 256 clocks/400 clocks = 64%. Thus,
improvement of the FFT stage utilization ( np ) is

np = unew =uofdm =
96 %
64 %

= 1 :5

In addition, if the clock frequency of the FFT stage is in-
creased, the FFT operation can use more clocks:

Cmax � CP ipe � Cf req

where Cf req is the rate of frequency increment if the clock
frequency is increased.

Data rate
The value of NF F T , of the pipelined architecture with
Radix-4 FFT deployed in [6] and [13], is unity as shown in
Equation 3. That is, there is no room for the Radix-4 FFT
block to perform additional operations. Hence, the Radix-4
FFT block can not support the proposed architecture in
Figure 5-a. Only two parallel FFT operations are possible
through the Radix-4 FFT block, as shown in Figure 5-b.
However, NF F T of the proposed design is 4. In other
words, 4 serial FFT operations can be performed in 4 � sec,
with only one Radix-2 streaming FFT block.

Since one FFT operation indicates data transmission at
the same data rate as the OFDM system, the number of
FFT operations in the FFT stage is proportional to total
data rate. The proposed design can perform 4 FFT oper-
ations, but the baseline MIMO-OFDMs can perform only
two FFT operations in parallel. Whichever FFT library is
used - the Radix-4 FFT or Radix-2 streaming FFT - the
baseline MIMO-OFDMs cannot perform any more FFT op-
erations. Thus, the improvement in the data rate ( ndata )
is

ndata = 4 =2 = 2

Note that this data rate is achieved with only one Radix-2
streaming FFT block and minimal control logic and
memory. Thus, total resource requirements are almost the
same as two serial FFT operations illustrated in Figure 5-a.

Resource requirements
The amount of resources (RS ) used by the OFDM system
([6],[13]) is

RS = RD + RC ;

where RC and RD are the amount of resources consumed by
logic blocks and data-path blocks respectively. The amount
of resources used by the baseline MIMO-OFDMs (Rm ) is

Rm = RC + NA � RD

�= NA � RS

where NA is the number of antennas employed by the
MIMO-OFDM system. Most of the data-path blocks ( RD )
used in OFDM such as the RAM and FFT block are simply
extended to MIMO-OFDM.

The FFT block in both the OFDM system and the pro-
posed MIMO-OFDM system consumes a large percent of

the resources. Both the architectures use only one FFT
block. Thus, the proposed MIMO-OFDM system ( Rm 2) oc-
cupies almost the same amount of resources as the OFDM
system (See section 5.2). Therefore, the ratio of resource
used by the proposed architecture to the baseline MIMO-
OFDM system ( nresource ) can be expressed as

nresource = Rm 2=Rm �= 1=NA (4)

The value of nresource can change, if the baseline MIMO-
OFDM uses a di�erent FFT kernel architecture from Table
1.

In a complete implementation of the MIMO-OFDM sys-
tem, the recovery blocks need to be included. Subsequently,
the ratio of resource requirements is

nresource =
Rm 2 + RR

Rm + RR
(5)

where RR is the resource used by the recovery blocks.

4 Dynamic Recon�guration of
Kernels

Several kernels can be dynamically recon�gured to
support various communication modes:

At the transmitter :
Puncturing, QAM mapping, and Parsing kernels
At the receiver :
Depuncturing, QAM demapping, and Deparsing kernels

The transmitter and the receiver must handshake. For
instance, if QAM mapper in the transmitter changes its
mode, QAM demapping in the receiver side should react
accordingly. Without this handshaking, the system cannot
function correctly. By adjusting the options of these three
kernels, we can achieve three modes: data rate, diversity,
and range. Each recon�gurable kernel has several blocks,
which are needed for mode change. For example, the QAM
mapping kernel has BPSK, QPSK, 16-QAM, and 64-QAM
blocks. All these modes can be realized without consuming
additional resources, because not all of the blocks have to
be present in the FPGA at all times. If we want to replace
one block with another, we just load it from the memory.

Data rate
The data rate is controllable by combining puncturing and
QAM mapping. When the communication environment
changes, the transceiver system calculates the Bit-Error-
Rate (BER). If BER is beyond a threshold value, this
system changes the puncturing and QAM mapping options.
For example, if the block used is 64-QAM, and the error
rate is higher than the threshold, then the system replaces
the 64-QAM block with next reliable block (16-QAM).
While the system is changing the QAM mapping, it can
also change the puncturing block to one with a di�erent
rate. BPSK provides the lowest data rate but it is the
most reliable. The 64-QAM provides highest data rate,
but least reliable. In the case of puncturing, the rate
1/2 is most reliable and the rate 3/4 is least reliable. As
another technique to control data rate, we can use spatial
multiplexing algorithm to parse the kernel when the BER
is low. In this algorithm, each antenna sends di�erent data,
to increase the channel capacity [8].



Table 2: Various MIMO encoding algorithms (Parsing)
MIMO-encoding algorithm Range Diversity gain Data rate Complexity

Space Time Coding short high low simple
Spatial Multiplexing short low high simple
Eigen Beam-forming long low low complex

Using various kernels (puncturing, QAM mapping, and
parsing kernels) for recon�guration, we can control the
error rate from 10 � 1 to 10� 6 [20], and the data rate from 6
Mbps and 108 Mbps.

Diversity
Increasing the diversity gain is a transmission technique
where one signal is transmitted through many di�erent
paths. This is possible by when there are two or more
antennas in the MIMO-OFDM transmitter and receiver. If
changing the data rate is not e�ective, the next option is to
increase the diversity gain. For example, space time coding
algorithm [4] can be used to parse and deparse kernels.
This algorithm uses all the antennas to send the same data,
to achieve a high diversity gain. On the other hand, while
we use space time coding algorithm, if the BER improves,
we can move to a spatial multiplexing algorithm to increase
channel capacity [8].

Range
If the distance between the transmitter and the receiver
is large, it is possible that a space time coding algorithm
could be ine�ective. Then eigen beam-forming algorithm
[7] could be used to parse and deparse kernels for long
range communication. If the BER improves, we return to
either space time coding or spatial multiplexing. Table
2 shows the three MIMO encoding algorithms and their
features.

Data rate adaption controlled by BER is popular in
wireless communication technology. Our contribution is
to extend this concept to diversity and range. Moreover,
we propose a dynamic recon�guration because we want to
make this adaptation more e�cient in terms of resource
utilization. We present experimental results in Section
5.2.2 to illustrate the impact on resource requirements.

5 Experiments

5.1 Design Flow of Implementation
The �rst step in system design is to identify the kernels
based on the overview in Section 2.3. A MATLAB [15]
model was built to model hardware design and to simu-
late the operation of the transmitter, receiver, and chan-
nels. This was done before we implemented any hardware.
MATLAB supports many useful libraries for communica-
tion and DSP systems. Our MATLAB model was designed
for kernel recon�guration on a FPGA. Once the MATLAB
model was veri�ed, it was used to implement our hardware
design model using System Generator (Sysgen) for DSP
[25]. Sysgen is a visual data-
ow design environment based
on MATLAB/Simulink. This programming interface allows
the system developer to work at a suitable level of abstrac-
tion from the target hardware platform. It also presents a

method to use the same model not only for simulation and
veri�cation, but also for FPGA implementation [18]. Once
the model was simulated in Sysgen, the output values of all
the blocks can be read in MATLAB. This interface provides
a convenient debugging environment. Our hardware design
model in Sysgen used 16 bit �xed point numbers (one sign
and 15 binary points).

Once Sysgen blocks corresponding to the data-path were
identi�ed, the controller was designed using a M-code block
and logic elements in Sysgen library. The M-code block is
a MATLAB �le that was modi�ed to be used in Sysgen.
The �rst step in building a Sysgen model was to imple-
ment the OFDM transmitter. Then, MIMO-OFDM could
be extended from OFDM. The implementation of OFDM
was necessary for comparing its performance with that of
MIMO-OFDM.

Finally, we implemented optimized MIMO-OFDM with
our pipelined structure, which reduced the amount of re-
sources and chip size, and satis�ed the requirements of
802.11a WLAN. The MATLAB model and the Sysgen
model were designed so as to support kernel recon�gura-
tion.

5.2 Results
We developed OFDM, baseline MIMO-OFDM, and MIMO-
OFDM transceivers based on the proposed architecture us-
ing Sysgen. We assumed that the three designs shared most
kernels (except critical di�erences shown in Figure 5). Eac h
model was composed of a transmitter and receiver, so a to-
tal of six models is implemented and simulated. Although
Sysgen also provides resource estimation, we performed the
experiments on a Xilinx Virtex-II Pro XC2VP70-FF1517,
using Xilinx ISE 7.1i.

We veri�ed the correct operations of the six models. The
checking procedure of correct operation was simple: If the
original inputs into convolutional coder of transmitter we re
equal to the last outputs from Viterbi decoder of receiver,
then, the veri�cation was complete. In the following, we
present the performance improvement of our pipelined ar-
chitecture, in terms of the resource utilization. We also
compare the resource utilization of the two parsing ker-
nels. These two kernels use simple TDM and Alamouti
algorithms. The TDM is a spatial multiplexing algorithm
[8], and the Alamouti is a special type of space time coding
algorithm [2].

5.2.1 Pipelined Architecture

Figure 7 and 8 depict the amount of hardware resources re-
quired by each model implementation. We assume that each
model included a TDM block in the parsing kernel, and no
recovery block. In these �gures, Tx and Rx indicated the
transmitter and the receiver, respectively. A 2 � 2 MIMO
was the baseline 2� 2 MIMO-OFDM system and a 2-Way
MIMO was the proposed pipelined MIMO-OFDM design.
The de�nition of Way is given in Section 3.1. Each cell of
the tables in these �gures has two types of numbers. The
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Table 3: Slice utilization per recovery block
Block Training symbol Packet Time Frequency Channel

Insertion Detection Synchronization Correction Estimation
# of slices 709 752 571 641 213

�rst one is the amount of resources used. The second num-
ber, in the parentheses, indicates the corresponding per-
centage of resources in the 2� 2 baseline MIMO-OFDM,
by the OFDM or 2-Way MIMO. For example, 54 percent of
2-Way MIMO Tx slice utilization is calculated from

2 � Way MIMO Tx slices
2 � 2 MIMO Tx slices

=
1660
3090

= 54%

In the same way, the slice utilization of the 2-Way MIMO
receiver is 50 percent. These results are consistent with
Equation 4 in Section 3.3. The resource utilization of the
baseline MIMO-OFDM system is almost twice the proposed
pipelined system (ignoring recovery blocks).

The streaming FFT block uses 1173 slices [25]. This rep-
resents 84 percent and 86 percent of the resources used
by the 2-Way MIMO transmitter and receiver, respectively.
Hence, the resources used by the FFT block dominate the
total resources.

In a real system, however, recovery blocks need to be
included. These blocks were built under the assumption
on indoor wireless environment, which has a low BER. Ta-
ble 3 indicates the resource requirements of each recovery
block. These data are from the Place and Route (PAR)
report of Xilinx ISE 7.1i. From Equation 5, the ratio of
resources consumed by the 2-Way MIMO-OFDM to the
baseline MIMO-OFDM system is

Rm 2 + RRt

Rm + RR
=

1660 + 709
3090 + 709

= 0 :7 (Transmitter )

Rm 2 + RRr

Rm + RR
=

1632 + 2177
3282 + 2177

= 0 :62 (Receiver)

where the resource requirements (RRt , RRr ) of the trans-
mitter and receiver come from training symbol insertion
block and other blocks respectively as shown in Table 3.
Thus, 2-Way MIMO-OFDM can save



(1 � 0:7) � 100 = 30% (transmitter )

Similarly, 38 percent of the resource requirements at the
receiver can be saved as compared with the baseline 2� 2
MIMO-OFDM system.

5.2.2 Kernel Recon�guration

In Section 4, we proposed three recon�gurable kernels:
puncturing, QAM mapping, and parsing in the transmitter.
To illustrate the e�cient resource utilization through ker nel
recon�guration, we present the experimental results for th e
parsing kernel. Note that among the three recon�gurable
kernels, the parsing kernel can show the most dramatic ef-
fect of kernel recon�guration.

For the sake of comparison, two parsing kernels were im-
plemented: the TDM and Alamouti algorithm blocks. The
TDM algorithm is usually used for circuit switched network,
but this can be employed in our system if the wireless com-
munication environment is nearly ideal. The Alamouti al-
gorithm is used in many implementations of MIMO-OFDM
systems [21], [24]. To perform a fair comparison, we used a
BPSK block of a QAM mapping kernel for both algorithms.
The implementation detail of kernel recon�guration has not
yet been made. However, the place and route result from
the two systems using TDM and Alamouti is still valid for
the comparison of resource utilization.

The results are shown in Table 4. For the experiments,
the same Xilinx Virtex-II Pro XC2VP70-FF1517 device was
used. The total amount of resources in the device is pre-
sented in the second column for comparison. The MIMO-
OFDM system using Alamouti consumes many more slices
than the system using TDM. Alamouti itself consumes al-
most 1800 slices - 5.4 percent of the total available slices in
the device. Table 4 shows that if we implement TDM and
Alamouti together in one system without kernel recon�gu-
ration, and if we use TDM most of the time, the resource
utilization will be very ine�cient.

Table 4: Resource utilization of MIMO-OFDM system for
TDM and Alamouti

Total TDM Alamouti
# of slices 33,088 5,954 (18.0%) 7,858 (23.7%)
# of FFs 66,176 6,542 (9.9%) 7,132 (10.8%)

# of LUTs 66,176 9,456 (14.3%) 10,100 (15.3%)

6 Conclusions

We presented an optimized implementation of a MIMO-
OFDM physical layer on an FPGA. Our pipelined archi-
tecture supports high 
exibility as well as superior perfor -
mance. Experiments show that 2-way optimized MIMO-
OFDM using our pipelined architecture requires 30 percent
fewer resources than baseline MIMO-OFDM systems, while
maintaining the same data rate. We could further reduce
the resource requirements by exploiting one streaming FFT
kernel.

We also discussed the role of dynamic recon�guration for
MIMO-OFDM systems. Such a system can achieve 
exi-
bility with regard to changing data rates, increasing range ,

and increasing diversity, while o�ering e�cient resource u ti-
lization.
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8 Appendix

8.1 Operations of MIMO-OFDM trans-
mitter kernels

In Table 5, the kernels of MIMO-OFDM were analyzed in
terms of the computational complexity. Table 5 summarizes
operations of MIMO-OFDM for each antenna, based on our
implementation. The number of operations per each trans-
mission of a MIMO-OFDM system can be expressed as the
number of antennas � number of operations given in Table
5. We use this to calculate the computational complexity
of a MIMO-OFDM transmitter with two antennas. This
is shown in Table 6. In this table, the maximum number
of operation of a two-antenna MIMO-OFDM transmitter is
13092 MOPS. Such computations can not be handled by a
single DSP chip.

The di�erent type of operations use di�erent amount of
hardware resources as shown in Table 5. For example, the
bit operation uses only one slice (one gate or one Flip Flop),
whereas the arithmetic operation uses more resources as
compared to the bit operation. In Table 5, the computa-
tional complexities of some kernels are based on the analyses
as given in [14]. We analyzed all the other kernels.
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