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a b s t r a c t

The paper presents an automated environment for fast design space exploration and automatic genera-
tion of FFT/IFFT macrocells with minimum circuit and memory complexity within the numerical accuracy
budget of the target application. The effectiveness of the tool is demonstrated through FPGA and CMOS
implementations (90 nm, 65 nm and 45 nm technologies) of the baseband processing in embedded
OFDM transceivers. Compared with state-of-art FFT/IFFT IP cores, the proposed work provides macrocells
with lower circuit complexity while keeping the same system performance (throughput, transform size
and accuracy) and is the first addressing the requirements of all OFDM standards including MIMO sys-
tems: 802.11 WLAN, 802.16 WMAN, Digital Audio and Video Broadcasting in terrestrial, handheld and
hybrid satellite-scenarios, Ultra Wide Band, Broadband on Power Lines, xDSL.
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1. Introduction

1.1. Automated generation of FFT/IFFT cores

To manage the high design complexity of Systems-on-Chip
(SoC) a divide-and-conquer approach is typically adopted assem-
bling pre-designed and pre-verified Intellectual Property (IP) hard-
ware cores. This way design productivity is increased reducing
time to market and saving design costs. The Fast Fourier Transform
(FFT) and its inverse (IFFT) is the best candidate to be implemented
as reusable IP macrocells since they are the most widespread oper-
ators for digital signal processing [1]. In most SoC designs the hard-
ware/software partitioning maps FFT and IFFT tasks onto hardware
macros. Indeed a software implementation of FFT/IFFT, although
possible in real-time up to hundreds of MS/s with state-of-art DSPs
[2,3], is power hungry. This is particularly critical for battery-pow-
ered applications, such as baseband processing of wireless trans-
ceivers, and for computation-intensive embedded signal
processing systems where high power dissipation leads to heat re-
moval and reliability issues.

At the state of the art several FFT/IFFT IP cores have been pro-
posed [4–17] as parametric architectures customizable at synthe-
sis time. Typical parameters are the FFT length and the bit-width
of the I/O, the transform coefficients and the internal data path.
However the above works miss the support of a design environ-
ment to find the optimal IP configuration for the given application.
ll rights reserved.
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The IP core integrator is thus exposed to a wide design space
involving multiple performances (transform length, accuracy, la-
tency and throughput) and cost (area, leakage and dynamic power
consumption) metrics. The design space is further enlarged since
CMOS technologies offer standard-cells with multiple threshold
voltages (multi-Vt), hence different trade-offs between power con-
sumption and timing is possible. Finding, in such wide design
space, the IP configuration with optimal trade-off among multiple
cost functions is time consuming; this reduces the benefit of the IP
design reuse approach.

To overcome the above issues in this paper we propose a FFT/
IFFT scalable architecture template coupled with an automated de-
sign environment which allows at system level (i) fast design space
exploration and (ii) IP macrocell configuration and database gener-
ation. As case studies to demonstrate the effectiveness of the de-
sign environment this paper presents the implementation, in
CMOS and FPGA technologies, of several communication transceiv-
ers based on the multi-band orthogonal frequency division multi-
plexing (OFDM) technique. Multi input multi output MIMO–OFDM
schemes are also considered. The performance and reusability of
the generated FFT/IFFT IPs are assessed through logic synthesis re-
sults on FPGA devices, Virtex and Spartan families from Xilinx, and
on CMOS standard-cells libraries from STMicroelectronics: 90 nm,
65 nm and 45 nm multi-Vt CMOS with a supply voltage of 1.2 V,
1.1 V and 1 V, respectively.

1.2. State-of-art review

Other works in the state of the art targeted the problem of auto-
matic generation of FFT/IFFT cores, particularly for embedded
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Fig. 1. WLAN OFDM architecture.
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OFDM systems [6–8,15,18–22]. However none of the above macro-
cells covers all the requirements coming from the analysis of the
different OFDM standards. Particularly the implementation of
MIMO schemes, used in Wireless LAN and MAN transceivers and
of Broadband on Power Line (BPL) modems are not addressed.
Most works [6–8,15,18,21,22] do not meet the high-throughput
requirements of OFDM schemes such as Ultra Wide Band (UWB)
[23]. Moreover several FFT/IFFT IP core generators in literature
are based on fixed-point arithmetic [6–8,15,21,22]; other tech-
niques exist, such as block floating point (BFP) and convergent
block floating point (CBFP), which offer better trade-offs between
circuit complexity and processing accuracy vs. conventional fixed-
and floating point. Some works are not technology independent,
e.g. [15,18,21] are specific designs for particular FPGA families
and most of them, although presenting a characterization of the
generated FFT/IFFT IPs on CMOS technologies, do not consider
the impact of multi-Vt libraries.

All the above state-of-art limitations are addressed in this work
which is organized as follows: Section 2 briefly analyzes the base-
band architecture of OFDM and MIMO–OFDM transceivers and the
relevant computing requirements. Section 3 presents a configura-
ble FFT/IFFT IP core and details some architectural solutions
adopted to meet the required functional specifications while opti-
mizing circuit complexity in terms of area, memory resources and
power consumption. The design of the processor arithmetic is dis-
cussed in Section 4 which also shows, for the different OFDM stan-
dards, the optimal IP core configuration and database generation.
The characterization of the generated FFT/IFFT processors in
45 nm, 65 nm and 90 nm multi-Vt CMOS technologies is presented
in Section 5, together with a comparison with the state of the art
and a discussion on CMOS scaling trends. Section 6 presents the
IP cores characterization in FPGA devices and a comparison of
the achieved results with standard-cells CMOS ones and with
state-of-art FPGA implementations. Conclusions are drawn in Sec-
tion 7.
Fig. 2. Spatial diversity and spatial multiplexing in MIMO systems.
2. Baseband processing OFDM systems

2.1. OFDM architectures

The multi-carrier OFDM scheme has fostered the rise of several
wireless and wired communication services. The broadcast deliv-
ery of video and audio contents is covered by Digital Video Broad-
casting standards, in terrestrial (DVB–T), handheld (DVB–H) and
satellite-hybrid (DVB–SH) scenarios [24], and by Digital Audio
Broadcasting (DAB) [5]; wireless fast internet access in metropoli-
tan scenarios is covered by 802.16-d and -e Wireless MAN
(WMAN) standards, known, respectively, as fixed and mobile Wi-
MAX [25]; wired fast internet access through the telephone line
and the power line are enabled by Digital Subscriber Line (xDSL)
[26,27] and BPL [28,29] technologies, respectively; 802.11-a and -
n Wireless LAN (WLAN) deal with medium range indoor network-
ing [30,31] while ECMA-368 UWB radio [23] is conceived for short
range high data rate connectivity. Supported data rates amount to
several Mbps, growing to hundreds of Mbps for MIMO WLAN and
UWB.

With respect to single-carrier modulation OFDM offers en-
hanced robustness against cross-talk, fading channels and multi-
path effects [32]. In 802.16e, OFDM is also deployed as a multi-
user access technology (OFDMA) where the carriers are clustered
in subsets dynamically assigned to each user. All the aforemen-
tioned standards exploit a similar baseband processing scheme
based on a FFT processor, in charge of multi-carrier symbol demod-
ulation at the receiver (RX), plus an IFFT processor in charge of
symbol modulation at the transmitter (TX). FFT and IFFT require
roughly half of the total circuit complexity of the baseband pro-
cessing in OFDM systems [5,33]. Fig. 1 details the baseband pro-
cessing architecture for a WLAN transceiver [30].

2.2. MIMO OFDM architecture

In 802.16 WMAN and 802.11n WLAN standards OFDM is used
in conjunction with the MIMO technique which adopts multiple
antennas at both RX and TX sides to exploit the spatial domain
for spatial diversity and/or spatial multiplexing [14,33,34], see
Fig. 2. Spatial multiplexing increases the capacity of a MIMO link
by transmitting independent data streams in the same time slot
and frequency band simultaneously from each TX antenna. Multi-
ple data steams at the RX side are differentiated using channel
information about each propagation path. As example the 2 � 2
MIMO WLAN in [34] and the 4 � 4 MIMO scheme in [33] achieve
data rates of 120 and 192 Mbps, respectively. The gain vs. the
50–60 Mbps of a single input single output (SISO) WLAN is roughly
a factor 2 for the 2 � 2 MIMO and 3.5 for the 4 � 4 MIMO scheme.
In contrast to spatial multiplexing, spatial diversity increases the
diversity order of a MIMO link to mitigate fading by coding a signal
across space and time using special space-time code techniques
such as the Alamouti code [34]. At the RX side the signal replicas
are combined constructively to achieve a diversity gain. Fig. 3
shows the baseband processing architecture for a 2 � 2 WLAN
OFDM systems [34]. Comparing the schemes of Fig. 3 and 1 it is
clear that the number of FFT and IFFT processors to be integrated
in the transceiver depends on the number of RX and TX paths. A
MxM OFDM–MIMO system requires M FFT (and M IFFT) processors
working in parallel thus increasing area by a factor M. Alterna-
tively, a lower number of P processors, with P 2 [1,M], can be used
but the data throughput, and hence the clock frequency of the P
processors, should be increased by a factor M/P. Typical values
for M are 2 or 4.

In SISO and MIMO OFDM schemes, adopting time division
duplexing, FFT and IFFT tasks can be merged in a single FFT/IFFT
processor since the transceiver is working either in RX mode,
demodulation by FFT, or in TX mode, modulation by IFFT. In
transceivers adopting frequency division duplexing, featuring



Fig. 3. WLAN 2 � 2 MIMO–OFDM architecture.
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concurrent TX and RX paths, different processors are needed for
FFT and IFFT.

2.3. OFDM and MIMO–OFDM processing requirements

The different OFDM standards considered in the paper (UWB,
WLAN 802.11-a/n, WMAN 802.16-d/e, DVB–T/H/SH, DAB, xDSL,
BPL) are characterized by different requirements for the FFT/IFFT
processing in terms of I/O bit-width, up to 16 bits, transform
length, up to 8192 points, and throughput, up to 528 MS/s. These
values, summarized in Table 1 and Fig. 4, are derived from stan-
dards specifications and/or system level analysis in literature
[5,24–31,35]. With respect to [20] this work includes the require-
ments of new systems: WLAN and WMAN MIMO applications,
BPL modems and DVB–SH transceivers. The latter, using FFTs sized
from 1024 to 8192 with throughput up to 8 MS/s, enable DVB ser-
vices over hybrid satellite-terrestrial channels [36]. DVB services
on pure satellite channels, covered as example by the DVB–S2
standard, adopt single-carrier schemes instead of OFDM.
Table 1
FFT requirements of OFDM and MxM MIMO OFDM standards.

Standard FFT length I/O size, bits Throughput, MS/s

DVB–T/H/SH 1024–8192 8 9
DAB 256–4096 8 8.26
xDSL 256–4096 16 1–35
802.11a 64 8 20
802.11n 128 8 40 (xM)
802.16-d/e 128–2048 10 1.25–20 (xM)
UWB 128 6 528
BPL 512,1024 16 30
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Fig. 4. FFT throughput/size for OFDM and MIMO–OFDM transceivers.
For standards with multiple modes, the one with highest size
and throughput is reported in Fig. 4. For MxM MIMO–OFDM sys-
tems the throughput requirements are calculated considering the
worst case of single FFT and IFFT processors, i.e. P = 1, running M
times faster than the basic SISO scheme. As example a 2 � 2 MIMO
802.11n scheme requires 1 FFT processor and 1 IFFT processor run-
ning at 80 MS/s instead of 40 MS/s. Alternatively P = 2 parallel pro-
cessors for FFT and IFFT can be used running at the basic clock
frequency but doubling the circuit area.
3. Low-complexity FFT/IFFT architectural template

This section briefly presents the pipelined mixed radix cascade
architecture, on top of which the design environment for FFT/IFFT
IP generation is built. Radix factorization is suitable for FFT/IFFT
hardware implementation because of its high regularity and re-
duced number of operations. Given a radix factorization and the
corresponding data-flow graph, the hardware architecture is de-
fined by the degree of parallelism of the butterfly units. The IP
architectural template, designed at register transfer level (RTL) as
synthesizable VHDL, is based on a pipeline cascade of radix-4
(R4) butterfly stages. The pipeline cascade [4] allows for high
length flexibility and is designed so that the whole processor can
sustain a throughput of one complex sample per clock cycle. The
use of R4 stages allows for higher output precision and a better
trade-off between processing speed and area overhead vs. radix-
2 (R2), as proved in [21,37]. As discussed in [38] higher radix fac-
torizations (i.e. 8, 16 and 32) would require a butterfly with non-
trivial multiplications, thus bearing an unacceptable increase of
hardware complexity vs. R4. To support any power-of-two trans-
form length, instead of power-of-four only, the last stage of the
architectural template is a mixed R4/R2.

Fig. 5 illustrates the top-level architecture which features all
the parameters reported in Table 2. Fig. 5 includes the data path
of the FFT/IFFT cascade architecture and a wrapper between the
local custom bus interface and the main system bus. In Fig. 5 the
multiplexers at each input stage enable the FFT/IFFT length to be
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Fig. 5. Architecture top view.

Table 2
Architecture parameters.

Symbol Parameter Configurable range (OFDM case studies)

Nmax Maximum transform length [64,8192]
S Total number of stages [3,7]
k Number of R4 stages [3,6]
m Number of R2 stages [0,1]
IOWL I/O bit-width [6,16]
TWL Twiddle coefficients bit-width <32
SWL Internal data path bit-width <32
Wrap Wrapper type 0: custom bus, 1: AXI, 2: AHB, 3: STbus
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configured at run-time by selecting the number of stages in the
cascade through the length signal. The flush and freeze signals
control the internal pipeline, which can be frozen or flushed to
match the input traffic rate or in case of run-time re-configura-
tion of FFT/IFFT mode and/or transform length. The FFT/IFFT
signal is used to switch between FFT and IFFT computation.
Fig. 6 sketches a generic R4 stage which includes: (i) the butter-
fly/multiplier unit working on complex data; (ii) a data sequenc-
ing unit which uses small RAM banks for data reordering
according to the algorithm control flow in [4] (thanks to these
RAM banks input buffers can be removed since buffering capabil-
ities are embedded in the data path); (iii) a ROM unit containing
pre-computed twiddle factors. Exploiting the symmetry of the
unit circle in the complex plane, all the twiddle factors can be
generated starting from a kernel ROM reduced by a factor of 8
plus a simple circuit to exchanges the real and imaginary parts
of the coefficients and/or to complement their signs. Eqs. (1)
and (2), expressed as functions of the architecture parameters
in Table 2, summarize the RAM and ROM size in bits for the
j-th stage in the cascade.

The proposed FFT/IFFT cores can be integrated in complex
SoCs where a high speed bus is typically used to connect high-
rate IPs. To easy such integration the VHDL architecture
template allows the selection of the interface towards the main
system bus in Fig. 5, beside the native custom interface, a wrap-
per can be used to ensure compliancy with STbus, widely
used in SoC by STMicroelectronics, or AXI and AHB AMBA
(Advanced Microcontroller Bus Architecture) specifications which
are de-facto standards in embedded systems [53]. The type of
system bus interface can be selected through the wrap parame-
ters, see Table 2, before IP synthesis. The hardware overhead of
the wrappers amounts to few K gates. To easy the comparison
with state-of-art FFT/IFFT IPs in the rest of the paper the synthe-
sis results will refer to the native custom bus without extra
wrapper.
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4. Processor arithmetic design, IP core configuration and
database generation

4.1. Arithmetic design

Given the specifications of a target application the IP configu-
ration requires a trade-off between the numerical accuracy,
depending on IOWL, TWL and SWL, and the hardware overhead
associated to large parameter sizing (note that SWL affects the
size of adders, multipliers, switches and RAMs in the radix stages
while TWL sets the coefficients size in ROMs and multipliers). To
this aim our configurable IP core supports different arithmetic
types: fixed-point, block floating point (BFP) and convergent BFP
(CBFP). Floating point arithmetic is not supported since it implies
large area and power consumption overheads when implement-
ing large transform sizes [37,39] such those of the target applica-
tions in Table 1.

Fixed point arithmetic does not require any kind of control logic
thus simplifying the data path circuit design. As drawback, to avoid
overflows during FFT/IFFT computation, the SWL value must grow
by 2 bits for each R4 stage and one bit for the R2 stage. Considering
the xDSL requirements as example, in a 4096 samples transform
with 16 bits inputs the SWL should vary from 18 bits (first stage out-
put) to 28 bits (last stage) to preserve a 16 bits output data accuracy.
Instead of keeping IOWL at the minimum required and increasing
SWL to avoid overflow, some fixed-point IP cores in literature
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[8,15] set IOWL = SWL = constant and pick up an intermediate value
between the two extremes. Differently from fixed-point, BFP and
CBFP associate an exponent to the data so that a single SWL is used
for the whole architecture. In BFP the output data at each stage are
scaled down through a right shift of 2 bits in R4 stages and 1 bit in
the R2 stage.

In BFP the exponent field is implicit, and hence does not require
extra control logic in the data path, because the number of total
shifts is known a-priori and is related to the number of stages in
the architecture. CBFP arithmetic implements adaptive scaling of
data depending on their amplitude; the latter is estimated adding
in the data path the low-complex magnitude estimator we origi-
nally proposed in [40]. To keep track of scaling operations CBFP ex-
tend data representation with an exponent field. By scaling data
representation BFP and CBFP can achieve the same performance
of fixed-point arithmetic but with much lower SWL and TWL val-
ues and hence lower circuit area, power consumption and cost.
As example Fig. 7 compares, for the DVB–T 8192 mode the perfor-
mance of BFP, CBFP and fixed-point arithmetic as a function of SWL
when considering unquantized twiddle factors. It is clear from
Fig. 7 that BFP and CBFP approaches outperform fixed-point one
even with small SWL values. Due to adaptive scaling CBFP offers
higher precision than BFP but requires extra hardware for the mag-
nitude number estimation.

4.2. Automatic arithmetic configuration

A custom software tool, based on Monte Carlo simulations, has
been developed to profile the different arithmetic types in terms
of signal to quantization noise ratio (SQNR) or mean square error
(MSE). Both open and closed-loop analysis are available. Open
loop analysis allows measuring the performance of a specific
arithmetic configuration. In this phase the tool can generate input
test stimuli of different length according to deterministic (e.g.
sinusoid, square-wave, ramp..,) or random (with uniform or
Gaussian statistics) laws or a combination of them. For random
stimuli, sequences with a desired peak to average ratio (PAR)
can be generated too. In closed-loop analysis, see Fig. 8, the IP
core integrator specifies the FFT/IFFT length, N, and a SQNR bud-
get, i.e. the desired bit-true IOWL. The tool, using uniformly dis-
tributed random inputs (in a dynamic range depending on
IOWL), evaluates the optimal values of SWL and TWL to achieve
the desired output precision minimizing data path and memory
sizes.

As golden reference model an FFT/IFFT 64 bits floating point
processor is considered. The SWL and TWL configuration process
is illustrated in Fig. 9. It is repeated for all the three arithmetic
types. In Fig. 9 the SWL is determined first, as it affects the proces-
sor complexity (adders, multipliers, RAM) much more than TWL.
Among the three arithmetic types the one which allows for the
minimal SWL value is selected. In case of similar SWL value, be-
tween BFP and CBFP the first is preferred to avoid the hardware
overhead of complex number magnitude estimation. The speed
of the automatic configuration process mainly depends on the
transform size N (fixed by the target application) and on the num-
ber of iterations used to evaluate the SQNR. The latter also deter-
mines the accuracy of the configuration process; hence a trade-
off has to be found between speed and accuracy when configuring
SWL and TWL. From experimental analysis we have verified that an
optimal sizing of SWL and TWL is obtained using a number of iter-
ations in the order of one thousand. A higher number of iterations
are not useful since it increases the analysis time but leads to the
same choice for the word lengths. To speed-up the exploration
and IP configuration phase a bit-true C++ model has been associ-
ated to the VHDL template of Section 3. The C++ model structure
matches the hardware architecture including the configurable
parameters of each unit and the finite arithmetic effects. To assess
the equivalence of the C++ bit-true and VHDL models in terms of IP
configuration results, during the prototyping phase of the tool, we
used both models in the loop of Fig. 8. Once validated, only the C++
model is used since its simulation time is one order of magnitude
faster than the VHDL description. As example, the IP configuration
time using a PC with an Intel Core2 CPU at 1.66 GHz, 1 GB RAM,
Window XP-SP2 operating system, 50% CPU usage, is roughly
4 min with the C++ bit-true model for IOWL = 16 and N = 256;
the time is reduced to 1 min when N = 64 and grows up to 1 h
for N = 4096. After selecting the optimal architecture configuration
the tool generates the IP macrocell database including the RTL
VHDL code, testbenches and test vectors for verification and per-
formance estimation.



Table 3
IP core closed-loop configuration for different OFDM standards.

Standard SWL TWL Type Stages SQNR (dB)

DVB–T/H/SH 11 3 BFP 7 43.6
DAB 11 5 BFP 6 43
xDSL 18 12 CBFP 6 94.2
802.11-a/n 11 6 BFP 4 44.7
802.16-d/e 13 7 BFP 6 54.9
UWB 8 4 BFP 4 29.3
BPL 18 10 CBFP 5 93.7
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4.3. OFDM FFT/IFFT IP core configuration

Applying the closed-loop flow to the OFDM standards in Table 1
and Fig. 4 the configurations of the FFT/IFFT IP cores in Table 3 are
obtained (the IOWL and the length N are reported in Table 1). Ana-
lyzing the results it emerges that the CBFP arithmetic is suitable for
large transform sizes and high IOWL accuracy, as in the case of
xDSL or BPL requiring Nmax P 1024 and SQNR P 80 dB. As example
for BPL modem, BFP arithmetic would require SWL = 20 to achieve
the same SQNR that CBFP arithmetic achieves with SWL = 18. For
other OFDM standards (DVB–T/H/SH, DAB, WLAN, WMAN, UWB)
the required SQNR budget is such that BFP and CBFP reach the
same performance with similar SWL and TWL values, thus BFP
arithmetic is preferred to save the extra circuit complexity of the
magnitude estimation unit.

As discussed in Section 2.2 adopting a MxM MIMO scheme, such
as WLAN 802.11n or WMAN 802.16, requires, independently from
the SQNR budget, the integration of P processors running at a clock
frequency M/P times faster than the basic SISO scheme. As a conse-
quence the sizing of the arithmetic type and of the word lengths is
the same for a given standard both in MIMO (M = 2, 4) or SISO
(M = 1) configurations.
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5. Sub-micron CMOS implementation results

5.1. Multi-Vt CMOS technologies

This section presents the synthesis and characterization results
of the IP cores configured as reported in Table 3. Three deep submi-
cron technologies are considered: 90 nm, 65 nm and 45 nm CMOS
libraries featuring multi-Vt standard-cells, 7 metal layers, and
scaled supply voltage VDD of 1.2 V, 1.1 V and 1 V, respectively. Syn-
thesis and characterization activities are carried out with Synopsys
Design Compiler CAD tool. RTL and gate-level simulations are car-
ried out within the NC-Sim tool from Cadence.

The supply voltage scaling in submicron CMOS technologies is
required to bound the dynamic power consumption which de-
pends quadratically on VDD. Also leakage power consumption, Pleak,
has a non negligible contribution in today’s SoC; Pleak determines
the stand-by energy cost of the device and this can be critical in
battery-powered terminals. To address the increase of leakage
power, submicron CMOS technologies provide standard-cells li-
braries with multiple threshold voltages (Vt). Indeed the higher
Vt the lower the leakage current Ileak according to an exponential
law, see Eq. (3) where SW is the sub-threshold swing and Io is a
current proportional to the transistors width. On the other side,
the higher Vt, the lower the VDD–Vt difference for a given supply
voltage VDD, hence the higher the time propagation delay (TPD)
according to Eq. (4), [41,54].

Pleak ¼ VDD � Ileak � VDD � I0 � 10�Vt=SW ð3Þ

TPD / VDD

ðVDD � V tÞ2
ð4Þ
Since in synchronous designs the maximum achievable frequency is
determined by the time delay of the worst path, than synthesis tool
can minimize leakage power consumption by substituting low-Vt

cells with high-Vt ones (slower but with lower leakage) in non-crit-
ical paths, i.e. paths with positive timing slack with respect to the
synthesis time delay constraint. The CMOS technologies used in this
work provide cells with three Vt values: high (HVT), standard (SVT)
and low (LVT). In the different technology nodes the leakage power
associated to HVT cells is about 1 order of magnitude smaller than
SVT cells and two orders of magnitude smaller than LVT [42]. Due to
the high leakage cost of the LVT cells their use is not suitable for
battery-powered applications. Moreover as discussed in next Sec-
tions the speed performance of HVT and SVT cells is enough to sus-
tain the throughput required by our target OFDM processing case
studies; therefore a mix of HVT and SVT cells will be exploited. In
terms of dynamic power HVT cells allow for a reduction of about
10–20% if compared with SVT cells.

5.2. Synthesis and characterization results

Fig. 10 shows the storage requirements, RAMs and ROMs, of the
generated FFT/IFFT IP cores. For standards with multiple modes,
the one with highest size is reported; for sake of clarity the WLAN
label is used for 802.11-a/n, WMAN for 802.16-d/e and DVB for
DVB–T/H/SH. RAM and ROM requirements in Fig. 10 are derived
from Eqs. (1) and (2). The actual implementation of RAM banks,
through SRAM macros, register files or Flip-flops depends on the
actual size of each bank. SRAM macros are used for RAM banks
above 8 K bits (e.g. first stage of DVB or xDSL FFT). Register files
are chosen for RAM banks with size ranging from 1 to 8 K bits
(e.g. third stage of DVB FFT). A flip-flop based implementation is
used for RAM banks smaller than 1 K bits (e.g. WLAN and UWB
memory banks, last stages of xDSL and DVB FFT cores).

Fig. 11 shows area and real-time clock frequency results for
45 nm 1 V CMOS standard-cells (underlined labels), for 65 nm
1.1 V CMOS standard-cells (strikethrough labels) and for 90 nm
1.2 V CMOS standard-cells (bold labels). The worst case operating
condition of T = 125 �C is considered. The real-time clock frequen-
cies are derived from throughput requirements, expressed as MS/s
in Table 1, and considering that the pipelined cascade can process 1
sample per clock cycle.

As a consequence of the high architectural throughput for all
considered technology libraries all clock frequency constraints can
be met without resorting to the fast LVT cells, which suffer for high
static power consumption. Clock frequencies for the DVB–T/H/SH,
DAB, xDSL, BPL, WMAN and WLAN FFT/IFFT cores are below
50 MHz, thus only HVT cells are used. The only application requiring
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a high clock frequency, one order of magnitude higher than the
other standards, is UWB; to meet the required 528 MHz a mix of
HVT and SVT cells is required.

With reference to the above OFDM schemes and CMOS technol-
ogies, Fig. 12 sketches the leakage power consumption (when the
transceiver is idle) and the total power consumption (when the
processor is working); the latter includes both leakage and dy-
namic power contributions. In all technology nodes the highest sil-
icon area is required by xDSL due to both high transform size, up to
4096, and processing accuracy, IOWL up to 16 bits, specifications.
The highest power cost is required by UWB which, compared to
other standards, has small transform size and accuracy specifica-
tions but requires a throughput one order of magnitude higher.

The results in Figs. 10–12 refer to SISO OFDM transceivers.
Implementation results of MIMO OFDM schemes are discussed in
Section 5.3.

Comparing the results of 90 nm, 65 nm and 45 nm CMOS stan-
dard-cells provides experimental evidence of scaling trends in
deep submicron technologies. The area occupation can be reduced
by a factor between 1.5 and 2 if scaling the same VHDL architecture
from 90 nm to 65 nm CMOS technologies, or from 65 nm to 45 nm
CMOS ones. In the same conditions the total power consumption
can be reduced by a factor between 2 and 3. As far as circuit speed
is concerned the gain due to technology scaling is lower. As exam-
ple using a low-leakage (HVT cells only) 65 nm library an FFT/IFFT
processor, in the different configurations, can reach a maximum
clock frequency of about 250–300 MHz. Using a low-leakage
45 nm library the speed gain vs. 65 nm amounts to roughly 20%.
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Fig. 12. Power consumption results for the FFT/IFFT IP cores.
For the OFDM case studies all the considered technology nodes
allow for a real-time implementation. Particularly, in the 45 nm
CMOS node all the FFT/IFFT processors can be implemented with
power consumption of few mWs and an area below 0.1 mm2.

It is worth noting in Fig. 12 that, for UWB, the implementation
in 90 nm CMOS has a lower leakage power than the implementa-
tion in 65 nm CMOS. The reason is that for UWB a mix of SVT
and HVT cells is adopted; while at 90 nm less than 10% of SVT cells
are required to meet the clock frequency constraint, in the 65 node
the use of SVT cells is increased up to 57% resulting in higher leak-
age power cost.

5.3. MIMO OFDM synthesis results

Table 4 analyzes the CMOS implementation of 2 � 2 and 4 � 4
MIMO OFDM schemes adopted in WLAN and WMAN transceivers.
Different configurations with a varying number P of parallel FFT
and IFFT processors and thus varying clock frequency are consid-
ered. Reported values prove that, for the considered real world
cases, working with a single processor, P = 1, permits the minimi-
zation of both area and leakage power consumption with respect
to a solution with higher parallelization degree, P P 2. In terms
of total power cost the results in Table 4 show a weak dependence
on the number of parallel processors. The reason why in sub-mi-
cron CMOS technologies for FFT/IFFT processing in MIMO OFDM
schemes a solution with lower parallelization degree allows for a
better trade-off is the following: for the considered 2 � 2 and
4 � 4 WLAN and WMAN cases the real-time clock frequency of a
single processor solution, although higher than parallel configura-
tions, is6160 MHz (worst case of 4 � 4 802.11n with the 1 sample/
clock cycle throughput of our architecture). Such value can be
achieved using low-leakage HVT cells only.

As consequence real-time processing is achieved with minimal
area cost and hence minimal leakage power. The dynamic power is
roughly the same of more parallel solutions since, for fixed VDD val-
ues, the increase in frequency is counterbalanced by the decrease
in circuit complexity. The results in Table 4 refer to 65 nm CMOS
but similar considerations can be derived for 45 nm and 90 nm
CMOS implementations.

5.4. Comparison with state-of-art CMOS IP cores

To assess the effectiveness of the automated IP configuration
and generation tool vs. the state of the art. Tables 5 and 6 com-
pare the obtained CMOS synthesis results to those of known FFT
cores, published in recent literature. The comparison between IP
cores based on different architectures and/or implemented in
different technologies is not straightforward. For this reason, the
implementations selected for the comparison are those with sys-
tem level requirements (throughput and numerical accuracy) sim-
ilar to those of our work. The focus is on FFT processors covering
applications at two extremes: large size transform in DVB and
high throughput transforms in UWB. The comparison includes
an application specific instruction set processor (ASIP) [43],
several macrocells specifically designed for DVB–T or UWB
[6,13,44–48], and a macrocell obtained by an automatic IP gener-
ator [8].

For DVB the macrocell generated by the proposed tool features
low-complexity while maintaining similar performance of other
works: throughput of 9 MS/s, SQNR higher than 40 dB, program-
mable transform length between 1024 and 8192. Compared to cus-
tom designs our IP generator increases the design flexibility as the
ASIP FFT in [43] but with a much lower circuit complexity.

For UWB our IP core has comparable performance and complex-
ity to the custom architectures proposed in [44]; with respect to
other known macrocells adopting multiple parallel data paths



Table 4
Synthesis results for MIMO FFT/IFFT cores, CMOS 65 nm 1.1 V.

Parallel processors Fclk (MHz) Area (mm2) Power

Leak (lW) Dynamic (lW/MHz) Total (mW)

WLAN
2 � 2 1 80 0.0437 3.6 46.7 3.739
2 � 2 2 40 0.0874 7.2 93.4 3.743
4 � 4 1 160 0.0437 3.6 46.7 7.475
4 � 4 2 80 0.0874 7.2 93.4 7.479
4 � 4x 4 40 0.1747 14.4 186.8 7.486

WMAN
2 � 2 1 80 0.0861 8.4 81.2 3.256
2 � 2 2 40 0.1722 16.8 162.4 3.265
4 � 4 1 160 0.0861 8.4 81.2 6.504
4 � 4 2 80 0.1722 16.8 162.4 6.513
4 � 4 4 40 0.3443 33.6 324.8 6.53

Table 5
Comparison vs. state-of-art DVB–T FFT cores (SQNR P 40 dB).

IP IP type Arithmetic Fclk (MHz) K gates RAM (bits) ROM (bits)

[43] ASIP Fixed-point 280 80 1.5 M N.A.
[6] Custom Fixed-point 16 139 206 K 161 K
[8] Generator Fixed-point 9 49 256 K 300 K
[13] Custom BFP 8 91 N.A. N.A.
[48] Custom Fixed-point 9 55 18 K N.A.
Our Generator BFP 9 37 215 K 8 K

Table 6
Comparison vs state-of-art UWB-OFDM FFT cores.

IP SQNR dB IP type K gates Memory (bits) Arithmetic Throughput

[46] 33 Custom 130 0.6 K RAM 4 K ROM Fixed-point 4 data path at 450 MHz, 1.8 GS/s
[47] 27 Custom 85 1 K ROM 1.25 K RAM Fixed-point 2 data path at 400 MHz 800 MS/s
[45] 30 Custom 73 N.A. Fixed-point 4 data path at 250 MHz, 1 GS/s
[44] 20 Custom 15 N.A. Fixed-point 1 data path at 528 MHz, 528 MS/s
[44] 32.5 Custom 22.5 N.A. Fixed-point 1 data path at 528 MHz, 528 MS/s
Our 29 Generator 15.2 2.48 K RAM 0.17 K ROM BFP 1 data path at 528 MHz, 528 MS/s
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our approach leads to a much lower complexity but at the expense
of a lower throughput.
6. FPGA implementation results

6.1. Synthesis and characterization results

The proposed macrocells, configured as in Section 4.3, have
been implemented on FPGA devices. Different technologies are
available for logic programming: antifuse, flash and SRAM. The lat-
ter is the most suited for consumer applications due to easier rep-
rogrammability and hence reduced development costs and time to
market. Moreover SRAM-based FPGAs have higher compatibility
with conventional CMOS processes thus easing the integration of
embedded FPGA cells in complex SoC to create a reconfigurable
SoC platform. Table 7 shows the implementation results on two
SRAM-based FPGA families, Xilinx Spartan 3 [49,50] and Virtex 4
[51], both realized in 90 nm 1.2 V CMOS technology. The RTL syn-
thesis and the subsequent back end FPGA implementation phase
have been carried out using Mentor Graphics Precision and Xilinx
ISE CAD tools, respectively. Reported data are the % occupation of
available slices, the used RAM blocks, the clock frequency and
the power consumption in case of real-time processing of OFDM
symbols.

The maximum achievable throughput on Spartan FPGA for the
different configurations is roughly 80 MS/s. Hence for xDSL, WLAN
802.11-a/n, WMAN 802.16-d/e and DVB–T/H/SH applications the
FFT/IFFT macrocells can be fitted on low cost Spartan FPGAs. Such
devices are available also for high volume production with a cost of
few dollars. The power consumption of the FPGA realizations is
115 mW for DAB, roughly 250 mW for the WLAN, WMAN and
DVB standards and less than 400 mW for the wired xDSL one. Note
that in Table 7 only one third of the device is occupied and hence
the rest of the resources are available to build a complete OFDM
communication system on FPGA. To this aim it is worth noting that
in the FPGA DAB receiver proposed by [5] the FFT-based demodu-
lation represents half of the total receiver complexity. As far as
MIMO systems are concerned, the throughput requirements of
2 � 2 MIMO schemes (see Table 4) can be sustained by a single
IP core on Spartan FPGA while 4 � 4 MIMO schemes require the
implementation of multiple cores. Such parallelization is possible
on Spartan 1000 since only one third of the available FPGA re-
sources are occupied by the FFT IP.

The high throughput of the UWB scheme does not permit a real-
time realization of a single core on a low cost FPGA family. A possi-
ble solution, similar to that discussed for FPGA devices in [52] and
for the CMOS processors in [45,46], is using an array of four parallel
cores. This way the required clock frequency is reduced from
528 MHz to roughly 132 MHz. To support a parallel array of 4 pro-
cessors the logic resources of a more complex and faster Virtex 4
FPGA are needed. However the power budget at real-time for the
four cores is 950 mW, not practical for mobile UWB applications.
Moreover a Virtex 4 device has a much higher cost than Spartan



Table 7
FPGA results, for (de)-modulation in different OFDM standards.

Standard FPGA device Slice (%) Frequency (MHz) Power (mW) RAM (block)

DVB Spartan 3-1000 30 9 230 48
DAB Spartan 3-1000 28 8.26 115 32
xDSL Spartan 3-1000 34 35 390 47
WLAN Spartan 3-500 35 40 264 24
WMAN Spartan 3-1000 29 20 278 32
UWB Virtex 4 LX40 32 132 950 120
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devices and hence it is practical for fast prototyping but not for
production.

Summarizing, for multi-carrier communication standards
(xDSL, WMAN, WLAN, DVB, DAB) featuring moderate throughput
an FPGA solution is feasible in terms of real –time processing
and cost and has the advantage of reconfigurability vs. ASIC. The
power consumption of the FPGA solutions, in the range of hun-
dreds of mW, is more than one order of magnitude higher than
the implementations in 90 nm, 65 nm and 45 nm CMOS technolo-
gies. The FPGA power consumption is too high for very low power
mobile terminals such as smart phones but can be sustained for
applications such as xDSL modem, multi-standard OFDM terminals
plugged in desktop/notebook personal computers, home/car
receivers of DVB and DAB contents, terminals for WLAN and
WMAN access points in home, office or public buildings. In case
of UWB, due to its high throughput requirements, an implementa-
tion on dedicated CMOS circuitry is mandatory.

6.2. Comparison with state-of-art FPGA implementations

As stated in Section 5.4 comparing IP cores based on different
architectures and/or implemented in different FPGA devices is
not straightforward. For a fair comparison we selected published
works with similar system level requirements and targeting FPGA
devices belonging to the same architecture and technology family.

As example to support a DAB compliant FFT demodulator our
macrocell requires 28% of 1 Million gates SRAM FPGA while the
macrocell in [5] requires 1/3 of a 6 Million gate SRAM FPGA. Our
results are comparable to those in [21] and [22]. In [21] a fixed-
point FFT processor is implemented on a Spartan 3 1500 FPGA; it
supports transform sizes up to 4096 with a throughput of 30 MS/s.
In [21] the 8192 DVB mode and the high throughput of MIMO
WLAN and WMAN applications are not supported. In [22] a 12 bits
fixed-point FFT processor is implemented in real-time for different
standards (DVB–T, DAB, 802.11a) on a Spartan 3 FPGA. The re-
quired complexity is higher than our design since in [22] it
amounts to 58% of a Spartan 1000 device.

7. Conclusions

This paper presented an FFT/IFFT scalable architecture template
coupled with a computer assisted design environment. Based on a
pipeline cascade of mixed radix-2/4 stages the architecture can be
configured in terms of: transform length and type, machine arith-
metic (fixed-point or BFP or CBFP), size of the I/O, of the twiddle
coefficients and of the internal data path. An automatic configura-
tion flow generates application specific processors with minimum
circuit and memory complexity within the numerical accuracy bud-
get of the target application. The effectiveness of the tool is demon-
strated through FPGA (Spartan and Virtex families) and CMOS
(90 nm, 65 nm and 45 nm multi-Vt technologies) implementations
of the baseband processing in embedded OFDM transceivers:
802.11 WLAN, 802.16 WMAN, Digital Audio and Video Broadcast-
ing, Ultra Wide Band, Broadband on Power Lines, xDSL. Compared
to state-of-art custom designs, considering similar performance tar-
get, our approach reduces the time needed for design space explora-
tion and IP configuration while the implementation results in CMOS
and FPGA technologies feature low-complexity. The proposed auto-
matic IP generator is the first addressing the requirements of all
OFDM and MIMO–OFDM standards while most of known works
are specifically optimized for a subset of them. Comparing FPGA
and standard-cells CMOS technologies, the former allows for real-
time processing at moderate cost and power consumption (hun-
dreds of mW) for all standards except UWB. The advantages of FPGA
vs. ASIC are the reconfigurability for multi-standard support and the
reduced development time and cost. Target applications for FPGA
can be xDSL modem, multi-standard OFDM terminals plugged in
desktop/notebook personal computers, home/car receivers of
DVB/DAB contents, terminals for WLAN and WMAN access points
in home, office or public buildings. On the other hand CMOS stan-
dard-cells allow for extremely low power consumption and area
costs (few mWs and below 0.1 mm2 in 45 nm CMOS) for all the stan-
dards, including real-time UWB transceivers.
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