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Summary

Software Defined Radio is emerging as a new trend in the field of
wireless communication. The Software Defined Radio is aimed for
providing single radio unit, which can operate on different wireless
and mobile standards only by modifying its software. The study of
wireless communication systems reveals that integration of various
wireless communication technologies is a goal of next generation
communication system and it is a major challenge. Multimode,
multiband Software Defined Radio can provide one of the best
solutions for designing a single radio that can accommodate such
different standards. Total flexibility and reconfigurability can be
achieved when all radio functions can be implemented through
software. This is the basis of ideal Software Defined Radio, where
A/D/A conversion is carried out at RF stage of the radio
immediately after the antenna. Role of ADC is very critical in
software radio. ADC with high resolution and performance is
essential. A 17 bit ADC with conversion rate greater than MSPS is
required for Software Defined GSM Radio receiver. The work
presented in this paper contributes in the design of high
performance Folding analog to digital converter for digitization at
RF stage in Software Defined GSM Radio mobile receiver
application. Results of the work specify the critical specifications
of this ADC architecture. Results of this work also specify the
critical specifications of internal components used to build the
Folding ADC architecture for Software Defined GSM radio
receiver. The work is supported by MATLAB simulation platform.
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1. Introduction

Next generation mobile communication systems mainly
focus on scamless integration of existing wircless
technologies and standards such as GSM, wireless LAN,
and Bluetooth etc. Goal of next generation wireless system
is defined to have a single radio that will accommodate
different wircless standards and operate on different
frequency bands [1], [2]. These standards have different
system specifications and operational requirements
therefore it is very difficult to integrate them to have a
single radio system. State of art programmable digital radios
are not able to satisfy this goal. In this scenario, Software
Defined Radio (or Software Radio & abbreviated as SDR)
can be thought as a better solution over this problem. In
Software Defined Radio, all radio functionalities are
implemented using software. Two hallmarks of Software
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Radio architecture, as described in [3], are placement of
A/D/A converter as close to antenna as possible, and
definition of radio functions in software. This requires
digitization of wide band radio frequency communication
signals that are accompanied by channel noise and
interference.  Simple model for Software Radio, as
suggested in [4], is as depicted in figure 1. In this paper,
high performance ADC viz. Folding ADC is designed for
digitization at RF in Software Defined GSM radio mobile
station (abbreviated as MS) receiver and its performance is
analyzed analytically.

2. ADC Specifications for Software Defined
GSM Radio Receiver

Analog to digital converter (abbreviated as ADC) is one of
the key components in the receive signal path of a wireless
communication receiver. ADC  specifications  are
architecture dependent, and also function of performances
of circuit clements used to build an ADC. ADC
specifications [5] for digitization at RF in Software Defined
GSM Radio receiver as estimated are listed in table 1. ADC
characterization results for MS are depicted in table 2
[5].[61.17]. These results show that ADC, characterized for
sampling at RF, is required with high figure of merit (F),
high power consumption (Pgss ). Noise Figure and Third
order intercept point are estimated using GSM-900 standard,
as specified in [8].
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Table 1: ADC Specifications for Ideal Software Defined GSM Radio

MS Receiver

Sr.No. Parameters Value

1. Full scale range (FSR) 5 Volts

2, ADC power supply voltage (V) | +5 Volts

3. Master reference voltage (Vi.p) +5 Volts

4. Input Signal Frequency | 960 MHz
(maximum)

s. Sampling rate (  Nyquist | 1920 MSPS
Sampling at Nyquist Rate)

6. Maximum conversion time of | 520 pS
ADC

7. Number of bits 16 -18

8. Noise figure 42.39dB

9. Third order intercept (ITP3) -99.00 dBm

10. Sample time uncertainty 5.06 pS

Table 2: Characterization of ADC for Digitization at RF Stages for MS

Receiver

Sr. No. Characterization ADC at RF (MS)
1. SNR bits 16 bits
2. P 125829120000000
3. P giss 0.04587 W
4. F 2743168083714846.30

3. Design of 17 bit Folding ADC

Folding ADC employs a technique of folding an input
signal prior to quantization. Folding technique is used to
achieve high resolution by reducing number of comparators
than that required in Flash ADC architecture. In this ADC
architecture, number of comparators required is reduced by
the degree of folding and at the same time advantages of
high speed and low converter latency are maintained.
Various issues related with folding operation are as
discussed next. Folding characteristic is typically piece-wise
linear input output characteristic. Based on these
requirements, two type of characteristics are specified viz.
saw-tooth and triangular. Saw-tooth transfer characteristic
is difficult to realize. Saw-tooth waveform suffers with
problem of discontinuity [9]. Slew rate increases infinitely
at a point of discontinuity. Most commonly triangular
transfer characteristic is preferred. This characteristic also
suffers with problem of rounding effects at higher
frequency. The rounding effect results in loss of resolution.
Figure 2 depicts simulated folding characteristics. Folding
operation is performed either in serial fashion or parallel
fashion. Parallel folding technique achieves high speed but
number of differential amplifiers grows exponentially with
increase in number of bits to be resolved. In this technique,
each  parallel channel uses a separate folding circuit.
Different analog Folding ADC architectures that inherits
parallel nature of preprocessing techniques, used for folding
operations, are reported in literature [9], [10], [11]. *Serial

Signal Folding’ is efficient in multi step folding operation
and it employs cascade stages. Analog residue signal
forwarded by folding circuit should not affect overall
linearity of ADC. Improper operation of folding circuit can
add errors in ADC operation. Effect of gain error of folding
circuit on its output is depicted in fig. 2 (d). This introduces
error in ADC circuit operation due to loss of resolution.
Reduction rate of number of comparators is equal to a
folding rate. Folding rate fixes number of coarse bits.
Inaccuracy in gain, offset and breakpoint of analog circuits
will eventually limit overall linearity. High bandwidth of
folding circuit impose strong trade-offs among speed, gain
and power dissipation. Errors in preprocessing put
constraints on ADC resolution. Design of sub ADCs plays
critical role in the folding ADC performance. In this design,
for the selection of coarse bits (N1) and fine bits (N2), two
major factors are considered and are as described next.
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Table 3: Design Summary of Folding ADC Design

~ FOLDING ADC
g s _ . Course Quantizer [8 bit Flash ADC]
6 [N / Sr.No. ADC Parameters Value
FOLDING g ... 1 1. LSB voltage (Minimum | 19.53125 pV
ADC , 5 H :
comparaToR 4 [ g : : 1 value) (Visp)
COUNT 3 E H 1 2. | Number. of comparators 255
f H i ) 3. Number. of resistors 256
i i S I 4. Resistor Ladder | 20.32 Q
0 2 4 [ 8 10 i T (Wi Vi)
I COARAR ADC BT - 5. Single resistor Value in the | 0.079 Q
(@) resistor ladder
» FOLDING ADC Comparator Design
o= L 6. Bias current (for INL < ¥ | 5.8427 X 10° A
FoLpinG & | /] LSB)
CIRCUIT 5 /1 7. Gain 42.144 dB
::L';U_T 4 8. Offset Vise > Vos
wWDTH S | 1 9, Dynamic Range 48.10 dB
f 10. | Propagation Delay for | 0.115ns
0 , , . L . Lower Comparator
D 2 4 6 s 10 12 14 16 11. | Propagation Delay for | 0.225 ps
Ap— COARSE ADC BITS N1 =———————- Upper Comparat()r
(b) 12. [Slew Rate ( Output | 10869565217.4 V/s
Fig 3: Coarse Quantizer Resolutions vs. (a) Total Comparator Count and transition between 0 to 2.5
(b) Output Bandwidth of Folding Circuit V)
13. | Total Input Capacitance 3.31 pF
These parameters are low comparator count in Folding Digital Design
ADC, and low output bandwidth of folding circuit. High 14. | ROM size 256 x 8 bits
bandwidth of folding circuit impose strong trade-offs among 15. | Number of gates > 256

speed, gain and power dissipation. Figure 3 depicts
graphical relationship between total number of comparators
required for folding ADC and number of coarse quantizer
bits. Figure 3 depicts that for lower value of the output
bandwidth the comparator count is very high. So design
must be optimized by compromising these two factors. For
the proposed 17 bit ADC, lowest possible comparator count
is 766. Apply criterions of minimum output bandwidth of
folding circuit, coarse quantizer of 8 bits and fine quantizer
of 9 bits is justified. Folding rate fixes number of coarse
bits. Inaccuracy in gain, offset and breakpoint of analog
circuits will eventually limit overall linearity.

4. Results

Table 3 depicts the results of analytical model for 17 bit
Folding ADC design. Serial folding technique is employed
for the analysis purpose. These design values typically
considered the standard Flash ADC architecture as coarse
and fine quantizer. This table depicts the estimated design
values of the internal components and devices those are
used for folding ADC Design. This design suffers with
requirements of total 768 resistors with single resistor value
is well below than an ohm. At the same time 766
comparators with very low offset voltage, bias current,
propagation delay, and input capacitance are essential for
the design. As large number of comparators is required in

Fine Quantizer Design [9 bit Flash ADC]

16. | LSB voltage (Minimum | 38.4453125 uVvV
value) (Visp)

17. | No. of comparators 511

18. | No. of resistors 512

19. | Resistor Ladder | 0.499 O (Max)
(Maximum Value)

20. | Single resistor value in the | 974.8 mQ
resistor ladder
Comparator Design

21. | Bias current (for INL < % | 1.1755 X 107 A
LSB)

22. | Gain 96.26 dB

23. | Offset Vigp > Vos

24. | Dynamic Range 54.11dB

25. | Propagation Delay for | 0.115ns
Lower Comparator

26. | Propagation Delay for | 0.113 ps
Upper comparator

27. | Slew Rate ( Output | 10869565217.4 V/s
transition between 0 to 2.5
V)

28. | Total Input Capacitance 6.47 tF
Digital Design

29. | ROMsize 512 x 9 bits

30. | Number of gates > 512

Folding Circuit Design

31. | Folding factor 256

32. | Folding amplifiers 255

33. | Output bandwidth of the | 245.76 x 10°Hz

cascaded folding circuit
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coarse quantizer and fine quantizer, the propagation delay
variation between upper comparator and lower comparator
is observed. This may generate an error in the output code.
Digital section typically includes ROM based encoder. Thus
these results, most importantly, specify the performance
limiting factors of the folding ADC architecture.

5. Conclusion

Study of ‘Folding ADC for Software Defined Radio
receiver’ reveals that in Folding ADC architecture number
of comparators required is 766 for 17 bit ADC. This count is
high for battery operated receivers. Concept of additional
analog signal preprocessing is proved to be useful for
reduction in comparator count as compared to Flash ADC
architecture. This preprocessing requires additional 255
differential amplifiers. Performance of ADC depends on
performance of comparators used in coarse quantizers and
differential amplifiers used in analog preprocessing.
Comparator specifications, such as resolution, dynamic
range are somewhat relaxed for coarse quantizers but not so
specifically for fine quantizer. Output bandwidth of folding
circuit is also very high due to large number of folding
circuit requirement. Large number of comparators is a
crucial factor for this 17 bit Folding ADC. This large
number of comparators imposes critical performance
burdens on the other devices and components required to
build such ADCs. High input signal frequency also critically
imposes burden of front end ADC components. Thus the
Folding ADC architecture is less suitable for receiver
application for GSM-900 standard when used for
digitization at RF stage of Software Defined Radio mobile
station receiver. ADC that consists of less number of
comparator should be used for digitization at RF stage of the
Software Defined GSM Radio — mobile station receiver.

References

[1] QiBi, George I. Zysman, and Hank Menkes, “Wireless Mobile
Communications at the Start of the 2Ist Century,” IEEE
Communications Magazine, January 2001, pp 110-116.

[2] Robert Berezdivin, Robert Breinig, and Randy Topp,
Raytheon, “Next-Generation Wireless Communications Concepts
and Technologies,” IEEE Communications Magazine, March
2002, pp. 108-116.

[3] IEEE communications Magazine- May 1995

[4] Jeffery H. Reed, “Software Radio,” Pearson Education Inc.,
2006.

[5] Ajay D. Jadhav, Anil R. Yardi, and Shrikant. K.Bodhe,
“Characterization of ADC for Software Defined GSM Radio
Receiver”, Intemational Journal of Engineering Research and
Industrial Applications, ISSN 0974-1518, Vol.1, No.Il (2008),
pp.105-124.

[6] Robert H. Walden, “Performance Trends for Analog — to —
Digital Converters, ” IEEE Communications Magazine, February
1999, pp. 96-101.

[7] Robert H. Walden, “Analog — to - Digital Converter Survey
and Analysis,” J[EEE  Journal on Selected Areas in
Communications, Vol. 17, No. 4, April 1999, pp. 539-550.
[8]Technical Specification, Digital Cellular
Telecommunications System (Phase 2+);, Radio Transmission and
Reception,” ETSI TS 100 910 V5.12.0 (2001-02), GSM 05.05
version 5.12.0 Release 1996, pp. 1-51.

[9] Behad Razavi, “Principles of Data Conversion System
Design,” John Wiley & Sons, Inc., Publication, 1995.

[10] Phillip E. Pace, “Advanced Techniques for Digital
Receivers,” Artech House Radar Library, 2001.

[11] Phillip E. Allen, and Douglas R. Holberg, “CMOS Analog
Circuit Design,” Second Edition, Oxford University Press, 2004.

Acknowledgments

We wish to take this opportunity to express our sincere thanks to
those who helped us directly or in directly for the completion of
this work.

Ajay D. Jadhav  received the BE. and ME. degrees in
Flectronics Engineering from Shivaji University, Kolhapur in 1987
and 2000, respectively. During 1987-1989, he worked as R&D
engineer. He was then working in K.B. P. College of Engineering
as a lecture/Senior lecturer. Presently he is working, as a Professor,
in Sinhgad College of Engineering, Pune. His experience is over
20 years. He has submitted his Ph.D. work to the Shivaji
University in Electronics. Topic for his research work is “Studies
on Analog to Digital Converters for Software Defined Radios™.
His area of work is embedded system design and wireless
communication. He has guided 12 post graduate students. He got
grants from the technical body AI.C.T.E., Delhi for developments
in embedded system.

AnilR. Yardi (Professor) received the B.E. degree from
Government College of Engineering, Pune and M. Tech degree in
Flectrical Engineering from Indian Institute of Technology, Powai,
Mumbai. He is working as a “Director” in Walchand College of
Engineering, Sangli. He has experience over 35 years. He has
guided over 50 post graduate students and 6 Ph.D. students. His
area of research work is Image Processing, Embedded System
Design. He has worked on various government organizations and
committees as a consultant. He has published lot of research papers
in national/international conferences and journals.



	59_18-B_Page_1
	59_18-B_Page_2
	59_18-B_Page_3
	59_18-B_Page_4

