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Abstract :

This paper presents a development of down conversion technique using
polyphase decimation filter to work with GSM and WCDMA systems. The embedded
FPGAs s offer a very attractive solution that balance high flexibility, time-to-market, cost
and performance. So this paper focuses on efficient design and implementation of digital
down convertor for software radios on an FPGA target device. The implementation
results shows an important utilization in LUPs and Slices in accordance with FPGA
area and low power consumption compared with conventional design.
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Introduction :

The widespread use of digital representation of signals for transmission and storage
has created challenges in the area of digital signal processing [1]. The applications of digital
FIR filter and up/down sampling techniques are found everywhere in modem electronic
products. For every electronic product, lower circuit complexity is always an important
design target since it reduces the cost [2]. There are many applications where the sampling
rate must be changed. Interpolators and decimators are utilized to increase or decrease the
sampling rate. Up sampler and down sampler are used to change the sampling rate of digital
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signal in multi rate DSP systems. This rate conversion requirement leads to production of
undesired signals associated with aliasing and imaging errors. So some kind of filter should
be placed to attenuate these errors [3].

A digital down convertor (DDC) is an important part of software defined radio (
SDR) based 3G or 4G baseband receivers. It shifts the spectrum of interest from its carrier
frequency, i.e. intermediate frequency to baseband [4]. It also performs decimation and
matched filtering to remove adjacent channels and maximize the received signal-to-noise
ratio (SNR). A DDC is mainly used to down convert or decimate the GSM signal [5].
Typically lowpass filters are used to reduce the bandwidth of a signal prior to reducing the
sampling rate. This is done to minimize aliasing due to the reduction in the sampling rate.
Down sampler is basic sampling rate alteration device used to decrease the sampling rate by
an integer factor [6]-[7]. On the receiver side, digital IF techniques can be used to sample an
IF signal and perform channelization and sample rate conversion in the digital domain. Using
under sampling techniques, high frequency, IF signals typically more than 100MHz can be
quantified. For SDR applications, since different standards have different chip/bit rates, non-
integer sample rate conversion is required to convert the number of samples to an integer
multiple of the fundamental chip/bit rate of any standard. There are many advanced signal
processing tasks performed in a modern digital receiver using two sub-systems called front
end and back end systems. A front-end sub system operates at high-data rate and a back-end
operates at low data rate or chip-rate. The front-end high-data rate FPGA DSP implements
channelization functions for a multi-carrier system. Each channelizer accesses the digital IF
(intermediate frequency), translates a channel to baseband and using a multi-stage multi-rate
filter adjusts the sample rate to satisfy Nyquist for the selected band. The back-end processor
will typically operate on multiple slower rate sample streams performing functions like rake
processing, adaptive rake processing, demodulation, turbo decoding, Viterbi decoding. In a
QAM system, carrier recovery, timing recovery and adaptive channel equalization will be
required. Virtually all digital receivers perform channel access using a digital down-converter
(DDC). A simplified block diagram of digital down convertor is shown in Figure (1). The
desired channel is translated to baseband using the digital mixer comprising the multipliers
M;, M; and a direct digital synthesizer (DDS). The sample rate of the signal is then adjusted
to match the channel bandwidth [8]-[10]. This is performed using a multi-stage multirate
filter consisting of the filters C(z) ,G(z) and H(z).
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Figurel. Down conversion filter

DDC Model Based Design :

A model of Digital Down-Converter (DDC) is designed to meet the 3G and 4G
specifications using a multi-section cascaded integrated comb (CIC) decimator and two
Equiripple based polyphase decimators [11]-[12] with the help of Simulink and Xilinx
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System Generator blocks as shown in Figure (2). The Equiripple window based technique is
used which results in less number of required coefficients as compared to other window
techniques to improve hardware complexity and speed. The functions performed by the
developed model are complex multiplication and multi rate filtering. The proposed model
consists of three major parts namely mixer section, CIC section and decimator section.
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Figure2. Proposed DDC Model
1- Numerical Control Oscillator (NCO) Section

The GSM signal is generated by chirp block and filtered down from 69.333248 MHz
to 270.833 KHz through the three stages of the DDC filter to recover the GSM signal. The
DDC filter chain performs down-conversion of the input signal as well as narrow band low-
pass filtering and decimation. The DDC produces low sampling rate of 270 KHz baseband
signal, which signifies that the signal is ready for demodulation. The parameters of blocks in
the filter chain have been modified to facilitate observation of the possibilities for modeling a
customized DDC filter with SIMULINK. The GSM source block in the model is used to
switch between a chirp and sinusoid signal. Accordingly, the parameters of the NCO block
have been adjusted. The frequency and phase have been adjusted to 32-bit tuning frequency
register value and 16-bit phase offset register value as input to the NCO block. The five-stage
Cascaded integrated comb (CIC) filter with 64 decimation factors down converts the GSM
intermediate frequency (IF) to lower rat as a first stage. The second stage is the adjustment of
the roll-off of the CIC baseband with a 21-taps compensating Equiripple FIR filter (CFIR).
Composing the closing stage of filtering and shaping of the required GSM signal using a 65-
tap PFIR filter compos the final stage. Chirp signal shown in Figure 3 have a sampling rate of
Fs = 69.333248 MHz and period sample of Ts = 14.4 ns, which are processed by the DDC
filter according to the GSM requirements. The three stages DDC filter design and simulation
are explained in following sub-section.

Figure 3: Chirp signal of GSM intermediate frequency (IF) 69.333 MHz
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2-CIC Section

The baseband channel is highly oversampled so a simple cascade of filters,
implemented as a cascaded integrator comb (CIC) [10] will be employed to initially reduce
the sample rate by a factor of 64. The CIC filter C(z) is multiplier less consisting only of
integrator and differentiator sections. For this application a cascade of 5 integrators followed
by 5 differentiators, with an embedded 48:1 rate change is used as shown in Figure (4). The
initial step in CIC decimation filter implementation is to verify the MATLAB SIMULINK
design in System Generator. The CIC contains five-stage integrator and differentiator, which
are combined. The CIC decimator block, on the other hand, has been designed in Xilinx
block.
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Figure4. (a) CIC Section, (b): CIC Verification

The resulting response of the CIC filters is shown in Figure (5). The mixing of chirp
and sinusoidal signals in fixed point value as input of CIC1 filter and the filter responses of
MATLAB design CIC2 that are synchronized by imposing delays upon the normalized CIC2
filtered signal and mixed signal at 384 + 192 = 576 are shown as well. The difference
between the output of CIC1 and CIC2 is zero, which means that the design match in all stages
between MATLAB design and System Generator design of the CIC filter and the verification
process are satisfied with real-time constraints.
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Figure S. CIC simulation Filter Response
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3-Polyphase Decimator Section

The CIC filter is followed by a cascade of two 2:1 polyphase decimators shown in Figure 6 &
8 respectively to produce the required input-to-output sample rate change of 192:1. The
implementation of CFIR starts with designing the filter coefficients in fixed point values
using MAC FIR decimator in System Generator as shown in Figure 6-a. Subsequently, the
fixed point design of the CFIR filter is connected in parallel with the floating point design to
verify the filter coefficient before implementation, as shown in Figure 6-b.
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Figure 6: (a): Polyphase Decimator G(z), (b): verification

The resulting response shows a slight difference between the fixed point design of
the CFIR filter (MAC FIR decimator filter) and the floating point filter design in MATLAB
(DF FIR decimator filter) of approximately 5 x 107, as shown in Figure 7. This is mostly
caused by the quantization errors resulting from the limited number of bits representing the
numerical values used in the arithmetic functions such as multiplication and summation in the
filtering process.

Figure 7: CFIR Filter simulation Response
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A 2l1-tap filter is used for the polyphase decimator G(z) while a 65-tap filter is
employed for H(z). Here 65 cycles are required to implement this filter. The PFIR filter
coefficients have been designed in fixed point values using the FDATool provided by MAC
FIR decimator in System Generator as shown in Figure 8-a. In Figure 8-b, the designed filter
is connected in parallel with the floating point MATLAB design to verify the PFIR filter
coefficients before implementation in FPGA.
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Figure 8: (a): Polyphase Decimator H(z), (b): Verification

The resulting response of the conventional decimator and MAC FIR filter simulation
in fixed point and floating point design of FIR decimator is shown in Figure 9. The resulting
response of the three filters shows a slight difference of approximately 2 x 10”. Quantization
errors resulting from the limited number of bits representing the numerical values used in the
arithmetic functions such as multiplication and summation in the filtering process have
caused the difference.
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Figure 9: PFIR simulation Filter Response

According to the author [13] and the study of author [14], the complete DDC structure
in fixed point values is verified with floating point values of the DDC filter as an initialization
process before running the System Generator simulation in the implementation process. This
establishes the correct configuration for the operation of the System Generator model, as
shown in Figure (10).
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Figure 10. Verifications DDC Design

HDL Svynthesis :

After the DDC filter design at fixed point has been verified with the MATLAB
design in System Generator, the next step, which is the implementation of the structure in
real-time form, is initiated. The complete DDC design is synthesized to create the Verilog
netlist using the output options under System Generator token GUI interface and the results of
the performance of map, place and route task done, by using the project navigator tool to
implement the design in real time. The ISE project file is produced in the netlist directory
specified in the System Generator token GUI along with the design and association with
timing constraints file [15] and [16].

Verification of the DDC filter in the System Generator implementation is performed by
comparing the sample outputs at various stages in the design with those produced by
behavioral MATLAB model. The design is matched at all stages. Hence, the input sampling
frequency of the combined filter is 69.33324 MHz. Therefore, the sampling period is set to
14.4231 ns to serve as the internal sampling of the CIC filter, and the input sampling
frequency of the CFIR filter 1s 1.083332 MHz. As a result, the sampling period of the CFIR
filter is set to 64Ts = 923.0781 ns. For the last stage, the input sampling frequency is 541.66
KHz, hence the sampling period of PFIR filter is set to 128Ts= 1846.1561 ns. The output
sampling frequency of combined filter is 270.833 KHz, and thus the output sampling period
is set to 256Ts = 3692.3122 ns. Consequently, the 20 ns internal sampling period for CFIR
(CE_2 and CE _256) and 40 ns internal sample period for PFIR-CFIR (CE 4 and CE_128) are
achieved for CFIR and PFIR respectively.

Timing characteristics comprise another important factor that affects the
performance of FPGA implementation. Thus, the estimated period (required path delay) for
the FPGA element must not exceed the requested clock period. For this reason, timing slack =
requested period — estimated period, should have a positive value; otherwise, the integrated
design has to be reworked. The estimated timing report for the synthesized design meets the
time constraints, as shown in Tables 1. The constraint time represent the clock of FPGA
(CLK 100) and clock enable (CE) of each stage in the DDC filter chain as illustrate in Figure
11.
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Sampling Ce-64 Ce-128 Ce-256

Period Ts=14.4231ns 54Ts =923.0781ns 128Ts= 846.1561ns 256Ts=3692.3122ns
Freq. Fs=69.333248 MHz Fs/64=1.083332 MH:z Fs/128 =541.666 MHz Fs/256=2T70.833KHz
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Figure 11: FPGA Timing constraint of DDC filter

In order to ensure that no timing violation (like period, setup or hold violation) will
occur in the working design, timing constraints must be specified. Basic timing constraints
that should be defined include frequency (period) specification and setup/hold times for input
and output pads. The first is done with the PERIOD constraint, the second - with the OFFSET
constraint. Timing constraints for the FPGA project are defined in the UCF file [15].

Table 1: DDC Place And Route Timing Report

Constraint | Check | Worst Case | BEest Case | Timing | Timing
| | Slack | behiewvable | Errors | Score

T3 clk h8leYc3a = PERIOD TIMNEGRP "clk b8l | ZETUP | 3.981ns| 6.019n=| aj a
e7cda™ 10 ns HIGH 50% | HOLD | 0.502ns| | aj a
T3 ce_2 bBleVcia group to ce 2 hileVcia g | JETUOP | 12.101n=| 7.899n=| ] u]
roup = MAXDELALY FROM TIMEGEP "ee | | | | |

2 bileVeia group™ TO TIMEGRP "ce 2 hElevo | | | | |

3a_group” 20 ns | | | | |

TS ce 2 b@leVeda group to ce 236 bdle7eda | SETUP | 17.645n3| Z.355n3| ) 0
_group = MAYDELALY FROM TIMEGRP oo | | | | |

g 2 h8leVcia group” TO TIMEGRF "ce 256 _hE | | | | |

le7eda group™ 20 ns | | | | |

TS ce 128 bBleVoia group to_ce z h8leWe3a | SETUP | 15.051ns| 1.548ns| ol u]
_group = MAXDELAY FROM TIMEGRP o | | | | |

e 128 b3leTc3a group" TO TIMEGRP "ce I bE | | | | |
le7e3a_group” 20 ns | | | | |

T3 ce 4 bBleVela group to ce 4 hBleVcia g | ZETUOP | 34.058ns| 5.942n=| ] u]
roup = MAXDELLY FEOM TIMEGRP "oe | | | | |

4 b3leTcda group™ TO TIMEGRP "ce 4 h81levc | | | | |

3a_group” 40 ns | | | | |

T3 ce_4 bBleVcia group to ce 128 b3leTeda | JETUP | 358.279%ns| 1.721ns| ] u]
_group = MAXDELALY FROM TIMEGRP oo | | | |

e 4 hileVcia group” TO TIMEGRP "ce 128 hi | | | | |
le7cia_group” 40 ns | | | | |
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The optimization of timing performance for real-time process reports show zero timing
error and the internal sampling period between each DDC stage implementation is satisfied.
The worst case slack is the difference between constraint clock and best case achievable and
should be positive (i.e. the best case achievable must not exceed the constraint clock), for
example: if the constraint clock period = 20 ns and the best case achievable = 7.899 ns, then
the worst case slack = 20 —7.899= 12.101 ns. Due to the positive value of worst case slacks
the ISE software produce zero timing error and zero timing score for each DDC filter stage.
Because of the absence of error and warning for design rule checker (DRC), the configuration
of the DDC filter has been successfully implemented in FPGA using the ISE software
through the translate, map, place, and route steps. The project status of ISE software
generates the DDC utilizing summary as shown in Table 2. The table lists the total number of
slices and look-up tables (LUTs) used in this design. In each slice they are two LUTs and two
FFs, during the PAR, the ISE software put all necessary LUTs close to each other for
minimum propagation of data, for that some LUT inside slice not used and in some slice only
FFs is used without LUT so, the number of LUTs cannot be calculated manually, therefore
the LUTs could be less or more than Slices depend on software optimization. The device
utilization summary generated by ISE software represents the available logic elements in
FPGA and logic elements used by the in hand project been designed. The percentage of used
logic elements to the available logic elements is calculated as follow:

used logic elements

X100
Utilization % = availablZ logic elements , for examples:

Utilized number of Slice Flip Flop = (946/30720) x 100 = 3%
Utilized number 4-input LUTs = (530/30720) x 100 = 1%
Utilized number of occupied Slices = (661/15360) x 100 = 4%
Utilized number of bonded IOBs = (31/448) x 100 =6%
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Table 2: DDC project status and device utilization summary

Project File: ddc_cw. ise  Current State: Placed and Routed

Module ITame: dde_cw = Ermocx Mo Errors
Target Device: wodvwsx3S- 10ffE6E e 911 Warnings
Froduct Version: ISE 9.2 = Updated: Wed Mar 2 13:14:22 2011

Mo partition information was fournd. |

Loogic Thtilizatiomn 'Useu:l Available | TUtilization | INote(s)

Murmber of Slice Flip Flops 246 IO, 720 I
Mumber of 4 mput L1TTs 530 F0, 720 1%
Logic Distribution |
MNumber of occupied Slices (=3 15,360 %%
Humber of Shcees contamming only related logic 51 51 100%%
Mumber of Shices containing unrelated logic o [ %%
Total Mumber of 4 mput LTUT s 755| 20,720 2%
Mumber used as logic 530
Mumber used as a route-thru 7
MNMumber used as Shift registers 218
Humber of bonded IOEs 31 A %%
Mumber of BUFG/BRUFGCTRL s 1 32 3%
Humber used as BUFGs 1
Mumber used as BUFGCTRLsS o
Mumber of FIFO 16/FAME 165 2| 192 1%%
Mumber used as FIFO1&Ss o
Mumber used as EAME 1465 2
Mumber of DEP48s 2| 192 1%%
Total equivalent gate count for design 158,084
Avdditional JT AG gate count for IOBs 1,422

i:u:l Timing Score: 0  Finou Data: Pinout Report

Fouting Resalts: 411 Signals Comrpletely Rowted (Clock Drata: Clock Freport

Taning Constraints:  All Constrames Met

Depending on the number of FPGA logic resources used in the DDC filter, the ISE
software calculates the power consumption of the DDC filter using the X-Power Analyzer
tool and generates the details of voltage (V), current (mA), and power (mW), which will be
dissipated in the implementation process, as shown in Table 3. The power consumed in the
proposed design identified by the X-Power Analyzer tool is 83.01 mW in the dynamic power
consumption and 191.71 mW in the quiescent power consumption.

Table 3: Power consumption report after DDC implementation

Voltage (V) Current (mA) Power (mW)

Veeint 1.2

Cryniamic EQ17 83.01

Cliescent 159.76 191 .71
Veocaux 2.5

Dy namic 0.00 0.00

Culiescent 162.50 406.25
Vecco25 2.5

Dy namic 0.o00 0.00

Cliescent 0.00 0.00
Total Power E50.97
Startup Currernt Cma) 0.00
Battery Capacity (ma Hours) 0.00
Battery Life (Hours) 0.00

Summary  |Power Subtotals I current Subtotals Thermnal I
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Figure (12) shows the overall magnitude response of the proposed DDC filter and
conventional DDC filter, which is produced by author [17] respectively. In proposed DDC
filter the first adjacent band rejection starts with -45 dB, whereas in the conventional DDC
filter, the first adjacent band rejection starts with -25 dB. Furthermore, the proposed filter
provides -117 dB in the blocker band response, whereas the conventional filter provides only
-105 dB.

These improvements have been achieved because of the different weights used in the
different band. Additionally, the weights at the pass-band region are set to 30 times more than
the stop-band weights to improve the adjacent band rejection and blocker response.
Consequently, the improvement achieved in the adjacent band rejection is 18% and 11% in
blocker requirements more than that of the conventional filter.

Figure (13) represents the overall pass band response after zoom-in of proposal DDC
filter and conventional filter produced by [17]. As seen from the two graphs, the pass-band
ripple of the proposed filter in the required band (0-80 KHz) is less than that of the
conventional filter in the same graph scale. The peak to peak ripple is 0.012 dB in the
proposal filter while 0.03dB in conventional DDC filter.

Magnitude Kesponse

Proposal Response

——— Conventional Response

—— — — GSMMask

Magnitude (dB)

Frequency (kHz)

Figure 12: Overall DDC responses of proposal and conventional filter
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Figure 13: Overall Pass-band response of proposed and conventional DDC filter

After zooming-in more the pass-band response of the proposed filter, the pass-band

ripple is found to be (0.012 dB pp), as shown in Figure 13. The resulting pass-band response
shows an important development in the pass-band ripple by 40%, which is significantly lower
compared with the conventional filter. Thus, the result shows that the development of the
pass-band ripples have been achieved using the proposed algorithm.
The transition width of the CFIR filter is changed from 20 to 10 kHz to increase the filter
order, which results in the reduction of the maximum absolute error. This change does not
affect the overall transition width of the combined three filters in the DDC design. Therefore,
the resulting transition width of the combined filter remains at 20 kHz. The resulting
transition width of the GSM system for the proposed filter response is highlighted in Figure
(12) and could be calculated from Figure (14). The normalized pass-band frequency is 2.3 &
rad/sample, and the normalized stop-band frequency is 2.88 m rad/sample. Therefore, the
transition width can be calculated as:

Overal Magnitude Response of DDC filter

o
-5
Stop band Frequency = 100 KHz \
g -10 ‘\
g -15
‘ Pass band Frequency = 80 KHz \
-20 >
-25
20 40 60 80 100 120 140

Frequency (kHz)

Figure 14: Pass-band response — GSM mode with transition width of 20 kHz
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Table 4 shows the filter specification comparison of the results obtained with the
conventional design in terms of the pass-band ripple, adjacent band rejection, and blocker
requirements of the filter. The proposed DDC filter decrease the pass band ripple by 40% less
than the conventional filter and this development could enhance the capability of the filter to
avoid any distortion and error in the desired signal and decrease the power consumption.

Table 4 DDC filter specifications comparison

Conventional GSM MODE PROPOSED
PARAMETERS Naina K. Douglas L. Texas DDC Filter | Improvements
(2007) (2008) Instruments (2011)
(2009)
Pass-band Ripple =0.05dB =0.1dB —0.03dB - D02 4R 0%
Asyacent-eni —125dB =—20dB —25 dB - 454B 1%
(1] ecoon
Blocker —110dB | —85dB —105dB - 7B 1%
Requirements

The proposed filter provides less power consumption 20% less than the conventional
filter. In the adjacent band rejection, the proposed filter provides more attenuation to
overcome the interference that may happen in the channel by 18% more than the conventional
filter. The attenuation of the blocker requirements in the filter response was increased by 11%
more than the conventional filter; therefore, the improvement in the filter capability to avoid
and prevent any effect of spectral replicas from the following stages has achieved.

Conclusions :

In this paper, an optimized polyphase design using System Generator is presented to
implement GSM based digital down convertor for software defined radios. Equiripple based
polyphase decomposition technique is used to optimize the proposed DDC design in terms of
speed and area. The proposed design can operate at maximum frequency of 160 MHz by
consuming power of 83.01 mW at 25 °C junction temperature. The proposed model is
consuming very less resources on Virtex-4 based target device to provide cost effective
solution for SDR (3G & 4G) wireless communication applications. The implementation
results shows an important utilization in LUPs and Slices in accordance with FPGA area and
low power consumption compared with conventional design. This work will gave better
performance with some tunning in filter.

References :

I- Vijay Sundararajan, Keshab K. Parhi,(2003) “Synthesis of Minimum-Area Folded
Architectures for Rectangular Multidimensional”, IEEE TRANSACTIONS ON
SIGNAL PROCESSING, pp. 1954-1965, VOL. 51, NO. 7

2- ShyhlJye Jou, Kai-Yuan Jheng*, Hsiao-Yun Chen and An-Yeu Wu, (2004) “Multiplierless
Multirate Decimator / Interpolator Module Generator”, IEEE Asia-Pacific Conference
on Advanced System Integrated Circuits, pp. 58-61

3-Amir Beygi, Ali Mohammadi, Adib Abrishamifar. (2007) “AN FPGA-BASED
IRRATIONAL DECIMATOR FOR DIGITAL RECEIVERS” in 9th IEEE
International Symposium on Signal Processing and its Applications, pp. 1-4

4- LIN Fei-yul, QIAO Wei-ming, WANG Yan-yu, LIU Tai-lianl, FAN Jin, HANG Jian-
chuan, (2010) “Efficient WCDMA Digital Down Converter Design Using System
Generator”. Proceeding of International Conference on Space Science and

132



AL- Taqani,Vol .26, No 5,2013

Communication, pp.89-92, IEEE-2009. International journal of VLSI design &
Communication Systems ( VLSICS ), Vol.1, No.2

5- Majid Salal Naghmash and Mohd Fadzil Ain (2009) “Design of minimum error digital
down-converter (DDC) for GSM mask requirements”, Journal of Engineering and
Technology Research Vol.1 (5), pp.091-101

6- Zhao Yiqiang; Xing Dongyang; Zhao Hongliang; (2008) “Optimized Design of Digital
Filter in Sigma-Delta AID Converter”, International Conference on Neural Networks
and Signal Processing, pp. 502 — 505.

7- S K Mitra, (2006) “Digital Signal Processing, Tata Mc Graw Hill, Third Edition

8- Nerurkar, S.B.; Abed, K.H.; (2006) “Low-Power Decimator Design Using Approximated
Linear-Phase NBand IIR Filter”, /IEEE Trans. on signal processing, vol. 54 , No.2 ,
pp. 1550 — 1553.

9- Chris Dick and Fred Harris, (2000)" FPGA Signal Processing Using Sigma-Delta
Modulation", IEEE Signal Processing Magazine, Vol. 17, No. 1, pp. 20-35.

10- Chris H. Dick, Henrik M. Pedersen, (2003) “Design and Implementation of High-
Performance FPGA Signal Processing Data paths for Software Defined Radios”,
Xilinx Inc.

11- M. Becker; N. Lotze et al; (2004) "Implementation of a Power Optimized Decimator for
Cascaded Sigma Delta A/D Converters," in ICSES,pp. 83-86.

12- Mathworks, (2007) “Users Guide Filter Design Toolbox™.

13- Xilinx Inc., (2008). “System Generator for DSP”: User Guide, Release 10.1,Snn Jose,
Clifornia, USA, PP.1-40: www.xilinx.com

14- Rajesh and Swapna (2010), “Efficient Hardware Co-Simulation of down Convertor for
Wireless communication Systems”, International journal of VLSI design &
Communication Systems, Vol.1, No.2, pp. 13-21

15- Xilinx, Inc., (2007), “Xilinx ISE 9.21 Software Manuals: Constraints Guide, and
Development System Reference Guide”. San Jose, California, USA, pp. 1-844.

16- Avnet Memec, Inc., (2005).“Virtex-4 MB Development Board User’s Guide”,Ver. 3.0,
Phoenix, Arizona, USA, ppl-42, Citing  Internet sources  URL:
http://www.files.em.avnet.com/files/177/v4mb_user guide 3_0.pdf

17- Texas Instruments, (2009), “GC4017 MULTI-STANDARD QUAD DDC CHIP DATA
SHEET,” data manual Revision 1.0: PP. 70-90

133



