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Abstract
In this paper, we propose a HDL IP generator for (Orthogonal Frequency-Division Multiplexing) OFDM modulators. This
modulation is used in many telecommunication standards. However, each standard requires a specific OFDM modulator
characterized by a different number of carriers and a cyclic prefix. These differences, in terms of OFDM parameters, have
a negative impact on RTL hardware design. This diversity makes difficult the reusing modulators already designed for a
different project involving a different communication standard. For this reason, the authors propose an automatic IP HDL
generator capable of generating RTL code in VHDL or Verilog of OFDM modulators with number of carriers and cyclic
prefix settable by user. The generated IP have been characterized in terms of max frequency, hardware resources, and power
consumption. The authors performed the hardware implementations on a XILINX xc7z030 FPGA.
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1. Introduction
In the several last years, digital electronics have been
increasingly used in several fields. This is essentially
due to the capability of modern integrated digital cir-
cuits to provide high computational power allowing
the realization of complex (Digital Signal Processing)
DSP circuits [1, 2]. Digital systems can be developed
using two main technologies that are (Application Spe-
cific Integrated Circuits) ASICs and (Field Programma-
ble Gate Arrays) FPGAs. Nowadays FPGAs and dig-
ital ASICs can be used in several fields as Machine
Learning [3] [4],[5], health [6],[7],[8], and communi-
cation systems [9, 10], [11] audio [12],[13] etc [14],
[15]. Modern digital communication systems require
high computation capabilities and for this reason, FP-
GAs represent nowadays an optimal solution for their
implementation For example in [16], [17] FPGA im-
plementations of digital transmitters are presented, in
[18] the authors use an FPGA to implement a space-
craft tracking system. Similar approaches can be used
for modem in current and future wired Digital Sub-
scriber Line technologies [19] or satellite [20] .

The Hardware implementation of digital commu-
nication systems both on ASIC and FPGA requires a
very complex design flow. Such as a flow is extremely
slow if compared with the one used for software im-
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plementation. This design flow can be divided into two
steps: called front-end and back-end. The front-end
phase consists of RTL design using HDL languages like
VHDL, Verilog, or System Verilog. The back-end phase
involves the physical-design (the circuit layout).

A hardware description language (HDL) is a lan-
guage used to describe the architecture and behavior
of electronic circuits, usually digital logic circuits. Hard-
ware description languages born with the intent to help
engineers to describe circuits. Successively with the
born of hardware synthesizers HDL language started
to be used for simulation and synthesis. Hardware
synthesizers are software able to transform HDL files
in a netlist of electronic circuits and connections. A
netlist is a specification of physical electronic compo-
nents and how they are connected together.

A hardware description language looks much like
a programming language such as C but differs from
them for several aspects. An important difference be-
tween programming languages and HDLs is that HDLs
explicitly include the notion of time. A second impor-
tant difference is that HDL languages describe parallel
process.

Due to the exploding complexity of digital electronic
circuits since the 1970s (see Moore’s law), synthesis
through HDL languages began a necessity. There are
two major hardware description languages: VHDL and
Verilog.

The front-end phase is very slow because HDL lan-
guages are very complex to develop and verify. In or-
der to speed-up the RTL design phase, HDL Intellec-
tual Property (IPs) are increasingly proposed in the lit-
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erature and used by RTL engineers. IPs are re-usable
blocks of HDL code that can either be taken from inter-
nal design libraries or be purchased from third-party
vendors. Thanks to their re-usability and reconfigura-
bility, IP cores allow the speed-up of the RTL design
phase also for specific device design such as those in
Internet of Things [21] and [22].

In this paper, the authors propose an IP generation
tool for OFDM modulators. The IP generator has been
developed in MATLAB/SIMULINK. It allows users to
select the number of carrier number, the length of the
cyclic prefix. In addition, users can provide fixed-point
information as the number of the bit of the inputs and
of the outputs. The IP generator is capable to gener-
ate both VHDL and Verilog. The paper is organized as
follows: In Sect.2 the OFDM modulation is described.
In Sect.3 the IP generator and the OFDM Hardware
architectures that are implemented are described. In
Sect.4 the experimental results in terms of area speed
and power consumption are provided. Finally in Sect.5
conclusions are provided.

2. The OFDM modulation
Nowadays several communication applications require
high data-rate transmission over mobile or wireless
channels [23] [24]. In the case of single-carrier mod-
ulation, as in time-division multiple access (TDMA)
in Global System for Mobile Communications (GSM)
since the symbol duration reduces with the increase
of the data rate, and spreading fading of the wireless
channels will cause more severe intersymbol interfer-
ence (ISI). In order to reduce the effect of ISI, it is nec-
essary that the symbol duration is much larger than
the delay spread of wireless channels. The Orthogo-
nal Frequency-Division Multiplexing (OFDM) modu-
lation divides the entire channel into many narrow-
band subchannels [25], [26]. These subchannels are
transmitted in parallel in order to maintain high-data-
rate transmission and, at the same time, to increase
the symbol duration. In this way, the ISI effects are
drastically reduced [27]. In Figure 1 it is reported an
example of the subchannel division of OFDM modu-
lation and their corresponding signal transmitted of a
single subcarrier. In Figure 1 the overall bandwidth is
divided into 𝑁 subcarriers, where each subcarrier has
a reduced bit rate 𝑅𝑏 = 𝑅𝑊 /𝑇 , where 𝑇 is the ODFM
signal duration in the subcarrier and 𝑅𝑊 is the bit rate
of the total bandwidth [28].
The principle of operation is based on the orthogo-

nality of the subcarriers, whose concept is reported in

Figure 1: OFDM signals: subcarrier signals (a); subcarriers
(b).

Figure 2: OFDM transmitter block diagram.

(1):

∫
𝑡+𝑇

𝑡
𝜙𝑛(𝑡) ⋅ 𝜙∗𝑚(𝑡)𝑑𝑡 = 𝐴 𝑖𝑓 𝑛 = 𝑚 (1)

and 0 otherwise (i.e. for 𝑛 ≠ 𝑚). Wave-forms sat-
isfying (1) are those reported in Figure 1(a). Thus, a
generic OFDM signal can be written as:

𝑠(𝑡) = ∑
𝑁

𝑎𝑛(𝑡)𝑒𝑗2𝜋𝑓𝑛𝑡 ⋅ 𝑒𝑗2𝜋𝑓0𝑡 (2)

where 𝑓0 is the Radio Frequency (RF) translation. When
we sample the OFDM signal in (2) for 𝑡 = 𝑘𝑇 , we ob-
tain:

𝑠(𝑘𝑇 /𝑁 ) = ∑
𝑁

𝑎𝑛(𝑡)𝑒𝑗2𝜋
𝑛𝑘
𝑇𝑁 (3)

which is the Inverse Fourier Transform (𝐹𝐹𝑇 −1) of the
transmitted symbols before the RF translation. In Fig-
ure 2 it is reported the classical scheme of the transmit-
ter of an OFDM signal. In the demodulator at the re-
ceiver, we consider for example the frequency of sub-
carrier 𝑓𝑚 = 𝑚/𝑇 , the received signal is, after removing
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Figure 3: Example of cyclic Prefix in OFDM signal.

the RF component:

∫
𝑘𝑇

(𝑘−1)𝑇
𝑠(𝑡)𝑒−𝑗2𝜋𝑓𝑚𝑡𝑑𝑡 = ∑

𝑁
∫

𝑇

0
𝑎𝑛(𝑡)𝑒𝑗2𝜋𝑓𝑛𝑡𝑒−𝑗2𝜋𝑓𝑚𝑡𝑑𝑡 =

= ∑
𝑁

∫
𝑇

0
𝑎𝑛(𝑡)𝑒𝑗2𝜋

𝑛−𝑚
𝑇 𝑡𝑑𝑡 = 𝑎𝑚 (

𝑘
𝑁 𝑇 ) (4)

Due to the subcarrier orthogonality, the receiver is able
to extract the correspondent complex symbol trans-
mitted on th 𝑚-th subcarrier.
In a wireless channel, multipath can affect the orthog-
onality due to delays and reflections can provide the
receiver with replies. It is possible to have a guard
time interval 𝑇𝑔 in order to properly start the recep-
tion, thus having the integration between 𝑇𝑔𝑎𝑛𝑑𝑇+𝑇𝑔 .
Unfortunately, this is not enough since different termi-
nals can transmitting simultaneously. In order to avoid
an inter-carrier interference, a cyclic prefix is added to
the transmitted signal as described in Figure 3.

The cyclic prefix allows to have an integer number
of times the oscillation of the basic waveform 𝑒𝑗2𝜋𝑓𝑛𝑡
despite the reply comes late. Even if it partially leaves
the integration interval thanks to the cyclic prefix, the
missing part of the reply go back in the interval of in-
terest without affecting the receiver. The only differ-
ence is that now the duration of the OFDM symbols
are 𝑇 +𝑇𝑔 , while the integration occurs for a time of 𝑇
seconds, thus reducing the collected energy of

√ 𝑇
𝑇+𝑇𝑔 .

Of course, the guard time should be selected properly,
depending on the channel characteristics. 𝑇𝑔 should
be greater than the maximum delay introduced by the
wireless channel (at least greater than the channel de-
lay spread) but as minimum as possible due to the loss
in the energy collection.
In Figure 4 it is reported the generic scheme of the

Figure 4: Principle scheme of the OFDM receiver.

OFDM receiver. After the quadrature mixer to extract
the Real and imagery parts, the parallel-to-serial stage
provides inputs to the FFT. Then, symbols are extracted
and passed to the decoder.

3. OFDM modulator architecture
The proposed IP generator has been developed in MAT-
LAB. Using a graphical interface users can customize
and generate the VHDL or Verilog code the OFDM
modulators. The IP is provided with 5 I/O ports di-
vided into control and data ports. In the following, a
detailed description of these port is provided giving
information about the data size and the direction:

• clock: it is a one-bit input port used to provide
the clock to the circuit.

• reset: it is a one-bit input port used for the global
reset. The reset is asynchronous active high.

• enable: it s a one-bit input port used for the
global enable.

• ready: it is a one-bit input port. If the ready is
low, the IP ignores the input. This port must be
1 when input data are available.

• done: It s a one-bit output port. This port pass
from zero to one when data are available at the
output of the circuit

• real-data: it s an N-bit Input port (N is selected
by the user) used to provide the real input sam-
ples

• imag-data: it s an N-bit Input port (N is selected
by the user) used to provide the imaginary input
samples

• real-out: it s an N-bit output port (N is selected
by the user) used to provide the real output sam-
ples
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Figure 5: 4QAMconstellation implemented in the proposed
IP CORE

• imag-out: it s an N-bit output-port (N is se-
lected by the user) used to provide the imaginary
output samples

In Fig.6 is shown the block diagram of the IP core.
It is composed of four main blocks.

• A QAM Mapper

• A IFFT Core

• A Cyclic Prefix engine

• A dual Port RAM

The QAM Mapper maps the I/Q inputs on a QAM con-
stellation. In this first version of the core generator,
only the 4QAM modulation is available. However fu-
ture releases will include also other QAM modulation
schemes. Fig.5 show the 4QAM constellation imple-
mented in the proposed IP core.

The IFFT core is the complex element of the IP CORE
in terms of hardware complexity. It is composed of
Nlog2 Processing Element (PE) where N is the num-
ber of OFDM carriers and consequently the number of
IFFT bins. Each processing element consists of a dual-
port RAM used for the ordering of the samples, a ROM
containing the IFFT twiddle factors, a complex multi-
plier, and an address generator. The address generator
and the dual-port RAM order the input using the dou-
ble buffering technique.

A detailed description of this block is provided in
Fig.7

In order to reduce the number of multipliers, the
complex multiplication has been implemented using

Figure 6: IP Core Block Diagram,the real and imaginary
parts of the input and output signals have been fused to
simplify the schematic

three multiplications instead of four as shown in [29].
In addition to these main blocks the system is provided
with a Finite State Machine FSM for the generation of
the control signals "ready" an "done".

In Fig.8 is shown the timing of the core. It supports
the streaming mode providing output without any in-
terruption. When the ready pass from zero to one the
IP CORE can receive data that must be provided at any
clock cycle. In order to simplify the diagram, we fuse
the real and the imaginary part in a single signal. Af-
ter a certain latency depending on the number of car-
riers, the IP provides results at the output port. When
it occurs the valid signal pass from zero to one. Also
for output signals, the real and the imaginary part are
fuse in the diagram. When the ready signal pass from
one to zero, the input data stream must be interrupted.
The time interval in which this signal remains to zero
is required for the cyclic prefix computation.

4. Experimental Results
In this Section, experimental results are provided. We
use the proposed IP generator to generate the VHDL
code of 9 OFDM modulators. These modulators differ
from each other in terms of the number of carriers and
cyclic prefix. In order to verify the correct behavior of
the circuit, we performed several test benches using
the RTL simulator models. Simulations are performed
providing at the input of the IP sinusoidal waves and
chirp. Simulation results are compared with theoret-
ical results obtained by a MATLAB model especially
realized for this purpose.

The generated VHDL files are has been synthesized
using the XILINX Vivado toolchain. Synthesis and Pla-
ce and Route have been performed with a clock con-
straint of 200 MHz. Implementation results have shown
in Tab. 1 We varied the number of carriers from 8 to
2048 (considering only power of two). The second col-
umn of the table shows the cyclic prefix adopted for
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Figure 7: Processing Element (PE) Block Diagram, the real and imaginary parts of the input and output signals have
been fused to simplify the schematic.In order to reduce the number of multipliers, the complex multiplication has been
implemented using three multiplications instead of four as shown in [29].

Figure 8: IP Core Timing diagram. The real and imaginary
parts of the input and output signals have been fused to
simplify the schematic.The systems works on positive clock
edges

any test case. Results are in terms of LUTs, LUTRAM,
FF, BRAM, and DSP. In Fig.10 it is shown the dynamic
power consumption required for the computation of
the test cases. Power consumption nowadays repre-
sents a crucial aspect of digital circuits design, espe-
cially for embedded systems. Such systems are usu-
ally powered by batteries and for this reason, power
consumption must be reduced as possible in order to
extend the battery life. For this reason, circuits must be
realized in order to minimize the area being the power

consumption correlated on the circuit area [30],[31].
There are three power dissipation components in

CMOS digital circuits:

1. Switching Power
2. Short-Circuit Power
3. Static Power.

Among these contributions, the switching power rep-
resents the most important because one and it is de-
fined in Eq. 5 where a is the switching activity, C is
the switching capacitance, f is the clock frequency and
Vdd the supply voltage.

𝑃 = 𝑎 ⋅ 𝑐 ⋅ 𝑓 ⋅ 𝑉 2
𝑑𝑑 (5)

The second contribution„ is related to the short-circuit
currents flowing through the MOS transistors. It is
strongly dependent on switching activity, clock fre-
quency, and supply voltage, but it also depends on the
design (for example the transistor ratios and the node
waveforms). The third component, the static power,
depends on the leakage currents and it is related to the
circuit design, the technology, and the supply voltage.
The first two power contributions are usually consid-
ered together under the name of Dynamic Power. Be-
cause our experiments are performed on FPGAs, we
did not consider the static power dissipation but also
the dynamic one. Static power consumption on FPGA
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Figure 9: IP Core mapped on target FPGA. Figure refers to a 2048 OFDM modulator compatible with 5G standard

Table 1
Implementation results on a XILINX xc7z030 device with a 200 MHz clock constraint

CN CP LUT L.RAM FF BRAM DSP
8 2 730 152 1494 64 6
16 4 1017 203 1941 64 9
32 8 1462 293 2626 64 12
64 16 1998 328 3244 64 15
128 16 2437 495 3950 65 18
256 32 2904 551 4600 66 21
512 32 3504 736 5512 68 24
1024 128 4301 1048 6563 70 27

2048 5G 256 5459 1792 8039 73 30

is always negligible if the FPGA is almost full. in terms
of hardware resource usage. This is always true being
the size of the FPGA selected considering the target
project.

Finally Fig.9 show the Implemented circuit layout
for the 2048 case. Results show that the hardware re-
sources required for the IP implementation are very
reduced, the power consumption increases with the
area following perfectly the theory. The choice to im-
plement complex product using only three multipliers
reduces the number of DSP involved in the implemen-
tation.

5. Conclusions
In this paper, we presented an OFDM modulator IP
generator suitable in all communication standards re-
quiring a power of two FFT based OFDM.

The proposed tool allows RTL designers to design
flexible OFDM modulators offering the possibility to
customize the number of carriers, the cyclic prefix, and
fixed-point. The IP has been characterized in terms
of area, speed, and power consumption on a XILINX
xc7z030 FPGA. Results show a very efficient imple-
mentation requiring a reduced number of hardware
resources. In the future, additional characterizations
will be performed, in particular we will synthesize the
VHDL code generated by the proposed IP Generator
on ASIC. The synthesis will be performed using Syn-
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Figure 10: Power consumption characterization of the proposed IP core in term of Dynamic Power. The Dynamic power
consumption increases with the number of carriers since the increasing of the required hardware resources.

opsis. In addition, we will introduce other modulation
schemes for the OFDM carriers. In order to further im-
prove the performance of the future releases of the IP
generator, we are considering the hypothesis to imple-
ment the IFFT architecture presented in [32]. This so-
lution will allow reducing the hardware resources in
particular the number of multipliers. This hardware
simplification will introduce also a power consump-
tion reduction.
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