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Abstract :

In this paper, the development of multi-modulation and demodulation baseband
modulator and demodulator based on Software Defined Radio (SDR) are presented.
The fundamentals of digital linear modulations are presented as algorithms to develop
symbol of SDR signal. The multi-modulation baseband modulator (MMBM) and
demodulator (MMBD) are designed using digital signal processing (DSP) algorithms,
and then implemented into Xilinx Virtex-4 FPGA. Comparing the real-time and
simulation results shows that the timings are equivalent, and the sign and magnitude
changes are significant. Furthermore, at least 17% FPGA utilizations have been
achieved for the configurable MMBM and MMBD.

QLAJ,\.AS\éxd\j\PM\mJM\M\&JMLJ&MJM

gl (g g HUAT) AE o Lol amiall Jeeadl) iy Jeanil wia gl G 13 adiy

A 080 AU Jani) 8By panl) sl a e o) JS dapngl o3 k) oab ) Jpandl Jpealis

ijBasi. ( FPGA ) gsi s b el gl 3 .2adyl 5 Loy cilallaa aladiuly e el

) Jpuan qlia) it Uil Ggfish 3 Laa tan A ke il o g Aidad) a3l g cilslaal) il
el asaliaill g A5 Eally %17 gaay LAWY 3 9 palic B

Introduction:

Software radio (SR) is a set of digital signal processing (DSP) primitives, a meta level
system for combining the DSP primitives into communications systems functions
(transmitter, channel model, receiver) and a set of target processor on which SR is hosted for
real-time communications [1]. An ideal SR receiver begins processing of incoming signal
right after the antenna. Similarly, an ideal SR transmitter is located just before antenna.
However, it is not practical due to limitations of bandwidth and dynamic range constrained
by ADC and DAC. Therefore, a more practical version of SR called software defined radio
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(SDR) has emerged that performs bit-stream, baseband, and IF processing with ADC and
DAC as closed to RF conversion as possible [2].
The SDR is simply defined as “radio in which some or the entire physical layer functions are
software defined” by the SDR [3]. This implies that the architecture is flexible such that SDR
may be configured in real time to adapt itself to various wireless standards and waveforms,
frequency bands, bandwidths, and modes of operation [4]. In commercial communications
systems, the adoption of SDR concept in base-stations and mobile terminals is more
prevalent, because the SDR features of multi-mode multi-standard functionality,
programmability, and upgradeability offer an attractive solution to the problems of high cost,
high power consumption, and large size suffered by the Velcro approach which consists of
multiple radios employing multiple chipsets and platforms to support various applications [4].
Moreover, the flexibility of SDR also supports various quality-of-service requirements
dealing with numerous data, voice and multimedia applications during mode switching
between different air-interface standards [[].

Design Flow:

The flow of design and implementation can be divided into 2 parts namely software and
hardware, as shown in Figure 1.The software part can be viewed as a composition of
processes run by each software tool. Figure 2 illustrates this concept in a detailed
development flow of design and implementation.

- - Software
High Level DSP Modeling

v

HDL Netlist of DSP Model HDL Module of Setup Configuration

HDL Integrated Modules |4

v

Synthesis of Integrated Modules

v

FPGA Implementation

4

A Hardware
Implementation Using FPGA, ADC and DAC

: i

Verification of Hardware Output

Figure 1: General Flow of Proposed Design system
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Figure 2: Development Flow of Design and Implementation.
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The first stage in the general flow of design and implementation is modeling the multi-
modulation baseband modulator and demodulator (MMBMD) of SDR using digital signal
processing (DSP) algorithms in high level graphical user interface (GUI). In this work, the
high level GUI is Simulink environment contained in MATLAB software with add-in of
Xilinx System Generator software. All DSP models contained in the MMBMD are built by
connecting the blocks provided by libraries of Simulink Blockset and Xilinx Blockset in this

GUI as shown in Figure 3.
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As illustrated in Figure 3. above, transmitter, receiver and noiseless (ideal) low-pass
equivalent channel in the ideal radio communication system are represented by top level
MMBM, top level MMBD and Signal Delay block respectively. The in-phase (I) and
quadrature (Q) baseband modulated signals are delayed by the Signal Delay block before
going to the MMBD as the effect of propagation through the low-pass equivalent channel. In
addition the Signal Delay block also adds delays on input message bit, symbol integer and 1Q
symbols for better observation of comparisons between original and recovered data that will

Figure 3: DSP design of MMBMD in System Generator

be displayed in Scope MMBMD block as shown in Figure 4
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Figure 4 : Simulation output of MMBMD for QPSK
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2-Multi-Modulation Baseband Modulator (MMBM)

The DSP model of top level MMBM in System generator environment is illustrated in
Figure [1 It comprises of main subsystems of Bit Generator, Symbol Mapper and
Interpolation Filter. The input ports rst and sel are incoming from the Constantl and 2 blocks
respectively. The input/output signal of MMBM is shown in Figure 6.
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Figure 6: Simulation output of MMBM for QPSK

3-Multi-Modulation Baseband Demodulator (MMBD)
Figure 7 illustrates DSP model of top level MMBD in Sys Gen/Simulink environment.
It comprises of main subsystems of RRC Filter, Timing Recovery, Symbol Demapper and
Pulse Shaping. The input ports I Sig, Q Sig, sel and rst are incoming from the outputs I_Sig
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and Q Sig of the Signal Delay block, and Constant2 and 3 blocks respectively. The
input/output signal of MMBD is illustrated in Figure 8 for QPSK scheme.
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Figure 7: DSP Model of MMBD
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Figure 8: Simulation output of MMBD for QPSK

HDL Integrated Modules of DSP Models :

Considering real-time implementation of the DSP models of MMBM and MMBD
integrated with setup configuration using FPGA, ADC and DAC in P240 should be
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configured first prior to the running of DSP models of MMBM and MMBD. This can avoid
instabilities of ADC and DAC that can produce undesired outputs during process of
configuring ADC and DAC. Thus, the main clock enable (ce) of DSP model is disabled
during the transfer of SPI codes to ADC and DAC in P240. Controlling the main ce would be
easier rather than clock enable clear (ce clr) which requires additional logics to adjust
sampling phase g, of all the multi-sampled data.

Svynthesis of HDL Integrated Modules:

Although Xilinx ISE has its own synthesis tool called XST (Xilinx Synthesis
Technology), but it can only synthesize the HDL netlist generated from Sys Gen. Thus,
Synplify Pro is used to perform logic synthesis for the HDL integrated modules of MMBM
and MMBD (with setup configuration), in 2 stages [7]

a) Logic compilation and optimization:

The HDL integrated module is compiled to Xilinx FPGA structural elements and then
optimized to be as small as possible to improve circuit performance.

b) Technology mapping:

The optimized integrated module is mapped to Xilinx FPGA logic components using
architectural-specific techniques.

FPGA Implementation :

The synthesis output files required by Xilinx ISE software are in EDIF and user
constraints file (UCF) formats, representing the optimized netlist of synthesized integrated
module, and timing constraints and FPGA pin assignment, respectively. To implement the
synthesized integrated module of MMBM or MMBD into Xilinx Virtex-4 FPGA, Xilinx ISE
[8], [9], [10] performs steps:

a) Translate:

The netlist file of synthesized integrated module in EDIF format is converted to native
generic database (NGD) file containing logical descriptions of hierarchical components and
Xilinx primitives for the synthesized integrated module, by using NGDBuild program.

b) Map:

The NGD file is going through logical design rule check (DRC) and then mapped to slices
and I/O cells in Virtex-4 FPGA to create native circuit description (NCD) file. The area
constraints can be sized properly using PACE (Pinout Area Constraints Editor); then re-run
from Translate to Map.

C) Place and Route (PAR):

The mapped NCD file is placed and routed into Virtex-4 FPGA based on timing constraints
using Timing Analysis tools, to form fully routed NCD file.

d) Bit Generation and Program Download.

The fully routed NCD file is converted to configuration bitstream file (.bit) using BitGen
program, and then downloaded into Virtex-4 FPGA via JTAG cable using iMPACT program.
Before performing the last step of Bit Generation and Program Download, the results of
Translate, Map and PAR processes should indicate zero (0) number of errors in order to
ensure the validity of implementing the synthesized integrated module of MMBM or MMBD
into the Virtex-4 FPGA.
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Hardware Implementation and Verification Using FPGA, ADC and DAC:

The integrated modules of MMBM and MMBD (with setup configuration) are
implemented separately using 2 sets of Xilinx Virtex-4 MB Board and P240 Analog Module
as illustrated in Figure 9. After completely downloading program of the integrated modules
of MMBM or MMBD from PC into Xilinx Virtex-4 FPGA through JTAG cable, the setup
configuration module runs first [11], [12], [13].
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Figure 9: Hardware Implementation of FPGA and P240

After completing setup configuration module, the DSP models of MMBM or MMBD
starts running with 100 MSps sample rate. By setting manually the input Select using FPGA
on-board red DIP switch, the DSP models of MMBM or MMBD will perform baseband
modulation or demodulation respectively, for either BPSK, 4-PAM, QPSK, or 16-QAM.

The analog output signals are connected to oscilloscope to display the real-time
results for verifying system performances of the integrated modules of MMBM and MMBD
through testing and measurements, as illustrated in Figure 10. To capture initial real-time
results of configurable MMBM, the input Reset of DSP Model of MMBM is activated by
pressing push button on the first Virtex-4 MB board. Whereas the input Reset of DSP Model
of MMBD is activated first and hold until the input Reset of DSP Model of MMBM is
finished activating, by pressing push buttons on the second and first Virtex-4 MB Board
respectively, to capture initial real-time results of configurable MMBD.
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Figure 10: Hardware Assembly for Testing and Measurement

The real-time results of configurable MMBM and MMBD are shown and compared
with the respective simulation results to verify functionalities of the configurable MMBM
and MMBD implemented using FPGA as show in Figure 11. Finally, the efficiencies of
configurable MMBM and MMBD are evaluated in terms of FPGA elements, as compared to

the single- and grouped-modulation baseband modulator (BM) and demodulator (BD)
respectively.
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Figure 11: Real-time Results of (A): MMBD and (B): MMBM for QPSK

1-Synthesis Results in Synplify Pro Environment
Timing characteristics is an important issue that will affect the performance of FPGA
implementation. The required path delay (estimated period) for Xilinx FPGA elements should
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be less than the requested (constrained) clock period. Thus, timing slack (= requested period
— estimated period) should be positive value; otherwise the integrated modules of MMBM
and MMBD have to be reworked. The clock signals used for the ADC/DAC SPI process and
DSP model of MMBM or MMBD are namely CLK 100 and LIO CLKIN 1 respectively,
and both are constrained to 100 MHz. From the estimated timing report of synthesis as shown
in Table 1, the positive slack values meet the timing requirements for both of the integrated

modules of MMBM and MMBD.

Table 1: Estimated Timing Report of Synthesis

Integrated | Clock Requested . Estimated . Slack
Module Constraint Frequency | Period | Frequency | Period (ns)
(MHz) (ns) (MHz) (ns)
MMBM CLK 100 100.0 10.000 | 189.0 11276 4.724
LIO CLKIN 1 100.0 10.000 | 222.7 4.490 1010
MMBD CLK 100 100.0 10.000 | 189.4 11280 4.720
LIO CLKIN 1 100.0 10.000 | 1104 9.004 0.946

2-Reports Generated in Xilinx ISE Environment

Besides ensuring no error resulted from the Translate, Map and PAR processes run in
Xilinx ISE environment, the performances of FPGA implementations of the integrated
modules of MMBM and MMBD have to be analyzed in terms of device utilization, timing
constraints and power consumption.

1. FPGA Device Utilization

After the Map process, the accurate FPGA utilizations of the integrated modules of
MMBM and MMBD were summarized as shown in Tables 2 and 3 respectively. Note that
each FPGA slice consists of 2 sets of 4-input LUTs and D-FFs. The related logic refers to
packing the slice logic (LUT or D-FF) that shares common inputs into a single CLB for best
timing performance, where each CLB contains 4 (or 2 pairs of) interconnected slices.

Table 2: Device Utilization Summary of MMBM Module
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Table 3: Device Utilization Summary MMBD Module
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Table 4: FPGA Utilization

FPGA Existing Results Proposed Difference: (2011) vs.
Element [14] [15] [16] Results 2006 2008 2009
Slices 444 243 09 366 —78 +123 —143
FFs 739 208 2477 281 —4[8 +73 +36
LUTs 339 400 821 06 +167 +106 =310
BRAMs 4 0 0 3 -1 +3 +3
EMs 6 3 1 2 —4 -1 +1

The FPGA utilization of the mapped partitions of setup configuration module and
DSP model, and the mapped integrated module for configurable MMBM is listed in Tables 4,
along with the estimated FPGA elements of the respective DSP model. For the mapped setup
configuration module, the slices and LUTs for the configurable MMBM is lower than that for
the configurable MMBD due to the exclusion of a pair of 14-bit data inputs in the MMBM;
however the FFs for the former is higher because 18 slices were mapped to be containing
unrelated logic. For DSP models of MMBM and MMBD, the RAM16s, DSP48s, BUFGs and
IOBs are equal for both of the mapped and estimated cases; however the slices and LUTs for
the mapped case have been reduced by nearly 40 % from the estimated case. The FFs for the
mapped DSP model of MMBM has been increased by about 6 % from the estimated case due
to the mapping effect of 18 slices containing unrelated logic in the setup configuration
module; however the FFs for the mapped DSP model of MMBD has been reduced by about
29 % from the estimated case because all slices were mapped to be containing related logic.
Note that 4 BUFGs are used to remove jitters of the clock signals connecting to the ADC and
DAC SPI processes, the ADC/DAC data bypass, and the DSP model. The RAMBI16s and
DSP48s are FPGA elements used to implement BRAMs and EMs respectively.
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2.Power Estimation Report

The Virtex-4 FPGA power consumptions of the integrated modules of MMBM and
MMBD were estimated by using Analyze Power (XPower) program under the PAR process,
as listed in Table 6. The computation of power estimation is divided into 3 parts i.e. core
design of the integrated modules of MMBM or MMBD, auxiliary (JTAG and clock
circuitry), and output bank, with standard voltages Veenr= 1.2 V, Vecavx = 2.11V, and Veeo
= 2.00V respectively. The total currents for the auxiliary and output bank parts are equal for
both of the integrated modules of MMBM and MMBD, thus resulting in equal powers of
407.10 mW and 201600 mW respectively. However, the total current and power for core
design of the integrated MMBD module are 119.13 mA and 142.906 mW more than that of
the integrated MMBM module respectively, because the integrated MMBD module utilized
more FPGA resources than the integrated MMBM module. Which mean that, the receiver
path always consume more power due to use additional circuit like timing recovery?

Table 6: Estimated Power Report for Integrated Modules

Part Voltage | Current (mA) Power (mW)
V) MMBM | MMBD | MMBM | MMBD | Difference

Core 1.2 20420 | 32338 | 2401100 | 388.006 | 142910

design

Auxiliary | 2.0] 162.84 | 162.84 | 407.100 | 407.100 | 0.000

Output 2.00 1026|1026 |20600 | 20600 | 9000

bank

Total - - - 677.8[0 | 820.806 | 142.916
Conclusion:

The multi-modulation baseband modulator (MMBM) and demodulator (MMBD) of
software defined ratio (SDR) have been developed A new technique has been used to reduce
hardware size (FPGA area) as illustrated in Table 4 for implementing the configurable
MMBM and MMBD, by integrating the common features shared by two or more single-
modulation structures of SDR baseband modem functions. The new technique is incorporated
with superposition principle of digital linear modulation, polyphase interpolator architecture
with optimization, and switching network.

As compared to group-modulation baseband modulator (BM) and demodulator (BD)
which are modified from the recent researches of SDR modems, the unmapped FPGA
utilizations of configurable-modulation BM and BD have been reduced by [0.0% and 31.7%
in slices, [0.9% and [2.[% in FFs, [0.9% and 17.3% in LUTs, 66.7% and 70.0% in BRAM:s,
and 66.7% and [0.0% in EMs, respectively. Therefore, validity of the proposed technique is
confirmed. Besides, after implementation of the integrated modules of MMBM and MMBD,
the mapped FPGA utilizations are lower than the unmapped FPGA utilizations of DSP
models of MMBM and MMBD respectively in terms of slices, FFs and LUTs. Therefore, the
proposed configurable MMBM and MMBD are really efficient.
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