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TWO-STAGE COMB DECIMATOR WITH IMPROVED FREQUENCY CHARACTERISTIC o H

This paper presents comb-based decimation structures for high
values of decimation factors in which the decimation factor
can be presented as a power of x, where X Is a prime numbetr.
Additionally, it presents slight modifications of the proposed
structures, which do not affect the power and area efficiency,
but improve the frequency response.
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Sigma-Delta Analog-to-Digital Converter (XA-ADC)
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N :
>AM features: Decimator features:
> Analog signal is oversampled »Remove out-of-band noise
>Quantization Noise is shaped > Decreases the sampling

frequency
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Sigma-Delta Analog-to-Digital Converter (XA-ADC)

>A Decimator
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: Modulator :
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dThe A modulator is the most limiting circuit.

dHowever, the decimator must be optimized in terms of
power, silicon area and frequency response.
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[ Decimator comb structures
I

4

[ Recursive (CIC) [ Non-Recursive (M=xP)
7 [%1—12‘1]1{ W -2 — (142t - [14+z 4.7 DK
Stage 1 Stage Log,(M)
7 Small area. Opposite 7 Low power.

S

€> Large power. each other € Large area.

Wireless Innovation forum Conference on wireless Communication Technologies and Software Defined Radio 2015




TWO-STAGE COMB DECIMATOR WITH IMPROVED FREQUENCY CHARACTERISTIC g H

OUTLINE

1. INTRODUCTION

2. POWER AND AREA ESTIMATION

3. PROPOSED STRUCTURES

4. ALIAS REJECTION IMPROVEMENT
5. VHDL IMPLEMENTATION

6. CONCLUSION

Wireless Innovation forum Conference on wireless Communication Technologies and Software Defined Radio 2015



__2.POWERANDAREAESTIMATION _________________°|

Power estimation in comb-based decimation filters

P=+y(FA+FF)B

out
ADDER
_.G.)_, FA=Number of Full-Adders
?
FLIP-FLOP FF=Number of Flip-Flops

—>| FF [—

y=relative sampling frequency

Bou=Bin + Kl0gy(M)

out
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Area estimation in comb-based decimation filters

A= (FA+FF)B,;
ADDER
_,@_, FA=Number of Full-Adders
f
FLIP-FLOP FF=Number of Flip-Flops
—>| FF >
Bout:Bin t K°10g2(M)

The sampling frequency has no impact on area estimation!
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Power and area estimation for CIC

— [1-2z1]K —»lM > [1_2—1]K 5

(FAC + FFC)Bout
XP

PCIC = (FAI +FFI)Bout +

Acic = [(FA; + FF;)) + (FA¢; + FF;)]B,y,
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Power and area estimation for NR-comb (Non-recursive) with M=x"

— [14+2z 427 DK -—»lx— - [1+z 47D —>lx—+

Stage 1 Stage Log,(M)

P .
B z (FAycs + FFyes) " |Bin + K - log, (xD)]
PNRC—x -

xi—l
i=1

p
(FAycs + FFyes) - |Bin + K - log, (xD)]
=1

ANRC—x =

l

X IS @ prime number

Wireless Innovation forum Conference on wireless Communication Technologies and Software Defined Radio 2015



__2.POWERANDAREAESTIMATION _______________ 3|

Power and area estimation for polyphase comb with M=x"

X H(2) - X (@)
41 41
L RION gt s L R O T gy
z 1 ? z 1 f
T | T |
e R ool B
Stage O Stage P-1
P .
Z (FApcs + FFpes) - | B + K - log, (xY)|
PPC—x = xi
i—1
P
Apc_y = Z(FAPCS + FFpcs) - [Bin + K - log, (xY)|
i—1

X IS @ prime number
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Estimated power for CIC, NR-Comb and polyphase comb for M=2

CIC
; M 160 =@=CIC ,'M
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Estimated area for CIC, NR-Comb and polyphase comb for M=2F

CIC
[ [ T T TTTT
S M ~11K —®-CIC //
> [1—-2z1]K "l —> [1-z7"]" > 1000~ | =©= Non-recursive-comb /
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< 800 / e
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= "
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Estimated power for CIC, NR-Comb and polyphase comb for M=3P

CIC
1 [ TTTTII \ [ T TTTTTI ,,
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Estimated area for CIC, NR-Comb and polyphase comb for M=3P
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Two-stage structure

—»| Non-recursive _>lM1 Y CIC _>le L5

M=M, M, =xP
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NR-Comb-1
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NR-Comb-2

First stage (Polyphase-comb)

s ) P TV @ )
z71 : T z7! T i
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There are P-1 different combinations for M; and M,

How to chose M; and M,?

Chose M, in such a way that the estimated power of the
Two-Stage structure is as close as possible to the non-
recursive comb, but at the same time the area should be as
close as possible to that used by a CIC structure.
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The NR-CIC-1 structure for M=2P

Example for M=512 (power estimation)

NR-CIC-1 structure

—»| Non-recursive _>lM1 > CIC ,le .

CIC

== NR-CIC-1
===CIC(M=512)
=== Non-recursive-comb (M=512) -
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Estimated Power (P)
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60
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Decimation factor M1

M, >4

Stage 0 Stage 8
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The NR-CIC-1 structure for M=2P

Example for M=512 (area estimation)

NR-CIC-1 structure

1000 /7
—»] Non-recursive _>lM1 > CIC > le L 900 /
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Decimation factor M1

Stage 0 Stage 8

M, as low as possible

Wireless Innovation forum Conference on wireless Communication Technologies and Software Defined Radio 2015




__3.PROPOSEDSTRUCTURES ___ >

The NR-CIC-1 structure for M=2P

Example for M=512 (power estimation)

Non-recursive o CIC
[1+Z—1]K [1+z_1]K .>l2 > [1_2—1]1(

v
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__________________________________________________________________________________________________________

M,=4 M,=128

Optimal values for M, for different decimation factors

M M,
1024
2048 8
4096
8192 16
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The NR-CIC-2 structure for M=2P

Example for M=512 (power estimation)

NR-CIC-2 structure

Non recursive 180
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The NR-CIC-2 structure for M=2P

Example for M=512 (power estimation)

NR-CIC-2 structure
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The NR-CIC-1 structure for M=3P

Example for M=310 (power estimation)

NR-CIC-1 structure

300
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The NR-CIC-1 structure for M=3P

Example for M=310 (area estimation)

NR-CIC-1 structure

4000
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The NR-CIC-2 structure for M=3P

Example for M=729, power estimation:

NR-CIC-2 structure

200
Non recursive
—P —-’lM]_ > CIC > lMZ —> R N M N N N N R S R -
polyphase
150
CIC = —— NR-CIC-2
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T W e e B~
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50
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3] 1) B B M >9
Stage 0 Stage 5 1_
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The NR-CIC-2 structure for M=3P

Example for M=729, power estimation:

NR-CIC-2 structure

) Nonlrec:rswe R lMl R cIc R le | 1600 /l'
polyphase 1400, | —#=NR-CIC-2 e
===CIC (M=729) /
CIC ~ 1200} | ="~ Polyphase-comb (M=729) =
< /
& 1000 //
< e
1 2 800
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= 600
(7] //
L —
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—— 3 1) --——— B3P L 10 10
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M, as low as possible
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Basic NR-comb
G(z) = %(1 +z +z72+ 2734+ 2707D)
Expanded NR-comb by N
G(z") = %(1 +27N 427 4 273Nz~ G-DN)

Magnitude response of Expanded NR-comb by N

Zeros at 2m/XN

If N= M/x, an additional zero iIs obtained in the first folding band
of NR-CIC-1,2
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NR-Comb-3

— [1 47 476D __,lx__ M [1427" + -7 GD]K _,lx

1
L My /x > [1+27! + .27 D]K2

le—b [1—2_1]K1 —>

K, Is the cascade of the expanded comb filter.
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NR-Comb-4

¥ =lx_’ H,(2) "*Tle—» H,(2)
z71 41
v X @) ) I3 X Hy) )
z7! t 41 4
T | : |
L____’lx_’ Hy(z) —— te--IX Ho(2) F—
1
"1 -z 1k | M/ x b [1+2 1+ D]k

:lx—» [1-z711% >

K, Is the cascade of the expanded comb filter.
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Worst-Case-Attenuation Improvement

Ap — ANR—CIC—l,Z}

K, =
. [ WCAI

WCAI depends on x as follows:

WCAI (dB)
’ R=2 R=4 R=8 R=16
2 -8.32 -14.19 -20.17 -26.18
3 -9.54 -15.87 -22.13 -28.29
5 | -10.13 -16.68 -23.06 -29.98
7 | -10.28 -16.90 -23.31 -29.56
11 | -10.38 -17.03 -23.47 -29.73
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Examplel: NR-CIC-1 with M,;=4, M,=128, K=3, and R=2

|
ANr_cica = —30dB _
~, _,-"’-
= -50 \\‘ l,l
% \\ \‘ 4
A, = —45dB © 100 \v//
c 5 4 45
(@)} -3
g x 10
-150
|30 — 45% 1.79] =='NR-CIC-1,K=3
K, = = 11.79| = 2 —NR-CIC-3, K1=3, K2=2
0 0.2 0.4 0.6 0.8 1

olr
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A) Power reduction in NR-CIC-3 and NR-CIC-4

The power of NR-CIC-3 and NR-CIC-4 can be reduced by
decreasing K;.

The WCA reduction should be compensated with K., satisfying:

4.5 ‘

\ == R=2
S e e e I R=4 +H
\ ---R=8
35 R=16 |

S\

3 \
Sm(n(ZxR 1)) : (n(ZR 1)) N \
n(2xR — 1) n(ZR T2R-1) Q25 \‘\ \\
Ky " sin 2xR S o \
7 < 20log < TL'(ZR 1) TL’(ZXR 1) P ol So \
2 1 sin ( i ", \"~. T——
. ~
n(2R 1) n(ZxR 1) 15F—— ey ————
Ssin(Com)| | (BRm) ) T e T T ——e -
L T e e e
O e k] CLTCITEN PR
P R B T T e R . S S
0
2 3 4 5 6 7 8 9 10 11
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A) Power reduction in NR-CIC-3 and NR-CIC-4

Example 2:
NR-CIC-2 with M;=5, M,=625, R=2 and K=6 has a WCA = -60dB.

NR-CIC- 4 with K,;=3 and K,=3 also has a WCA = -60dB (K,/K,<1.1)

I I I
| | |
=="NR-CIC-1,K=6 First-Folding-Band Fifth-Folding-Band
50 NR-CIC-4, K1=3, K2=3 50 50
S 100 & -100 5 -100 aa
S g \ // S \ /
z £ 150 \ £ -150
i i WA S SN
= == NR-CIC-2, K=6 ==+NR-CIC-2, K=6
200 200 \R-cic4,K1=3,K2=3| 2% g en
—NR-C ‘ , =3, K2= “ —— NR-CIC-4, K1=3, K2=3
| | | | v
250 ‘ ‘ 250 -
250, 5 6 7 8 3 3.2 3.
ol x10™ ol x10°

K, from 6 to 3 leads to a power savings of around 45%.
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5. VHDL IMPLEMENTATION

Decimators are implemented at the RTL in the VHDL

File Edit View Project Source Process Tools Window Layout Help
D2EP L snoxval[rrppr@AmEnasrirclfl?
Desgn T x| combeic3_evenM_b.vhd =] i Design Summary =] =
L} View: (@) {i\:l}lmplementa(il Simula’ — 5 Design Overvi
pm— €| e N @ signtvenisw A 1 pesign iliny Default +Timing Al Constraints |
&l 'E"’.’" $=| B89 combO: PROCESS (rst, clk) - %f‘g;”;”” Strategy: | {urlocked) Constraints: |Met
S| 1 B combeic3_evenM b =l 90 BEGIN @ rope... . - =
@ B £ xc3s1200e-4£g320 91 if (rst='1'} then ® 2] Module Le.. :Em"m"mmt geint:mgs ;::":rlenmm ge a"rntm
o [ilef: combcic3_evenM_b-¥| o, 92 0R(0, word length comb - o [2 Timing Ca...
é =| o3 CTOR (0, word_length_comb + o % E""":tRRE“-
= LTS _STD_] CTOR (0, word length_comb < ock Rep... - -
@ 95 elsif (elk'event and clk="'1') then @ @ Static Timi... e e o
o —| =6 ££00 <= x_in; e & Em% T Wﬂf:)‘"gs Logic Utilization Used | Available | Utilization | Note(s)
E A a7 sum00<= x_in +  £f00; — B S;:;;;:'” Mumber of Slice Flip Flops | 320 17,344 1%
- o 98
- fad ag FFO1 <= sum00; ﬂ [2 Translatio... Mumber of 4input LUTs 02| 17,344 1%
A 100 sum0l<= ££01 + sum00; (5 Map Mess... Number of occupied Siices | 180 8,672 2%
5| 101 [E] Placeand ..
B Timing M... Number of Slices 180 180 100%
| 102 FL02 <= sum01; ! containing only related
Q| 103 sum02<= ££02 + sum0l: [ Bitgen Me... logic
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= J 108 sxtcompl: PROCESS (sum02) [E Map Report LUTs
7 | Processes: comhcic3_evenh b -t~ 109 BEGIN % E'E:P;”Rd; Number used aslogic | 202
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el I Design Utilities 111 FOR k IN word length comb_1 DOWNTO word length_comb OWer Rep. route-thru
o User Constraints 112  auxl(k) <= sum02 (word length_comb); [ Bitgen Re...
Synthesize - XST 113  END LooP: - Secondary Reports Number of bonded 10Bs E 250 13%
View RTL Schemn.. 114 END PROCESS sxtcompl: I5I Sirmul.., Number of BUFGMLXS 4 24 16%
View Technolegy.. 115 Design Properties Average FanoutofNon- | 2.29
Check Syntax 116 - [] Enable Message F.. | || cioci nets
Generate Post-Sy... 117 combl: PROCESS (rst, clk a) Optional Design Summar...
Implement Design 112 E 2:0\-" gf‘ick R(Epﬂft
Translate 119 ow Failing Con... -
Map 120 word_length_comb_! [ Show Warnings (55 I TR S o
Place & Route 121 word_length comb_I -] Show Errars Final Timing Score: |0 (Setup: 0, Hold: | Pinout Data: |Pinout
Generate Pos... 122 ££11 <=CON ) F word_length_comb_! 0) Report
Analyze Timi... 123 elsif (clk a'event and clk_a='1l') then Routing Results: All Signals Clock Data: |Clock
View/Edit Ro. 124 ££10 <= auxl; Campletely Routed Report
Analyze Pow.. 128 suml0<= auxl +  ££10; Timing Constraints: | Al Constraints Met
& Start | B3 Design | [ Fies 41| & Design Summary (] combeic3_evenM_b.vhd
Cansole @) Errors
Ln35Col 1 VHDL

»A 0.18um CMOS process is considered.
»Power is estimated at the transistor-level and area is taken from the layouts.
» One-bit A modulator is considered as the input for decimators.
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Power and area implementation results for the Example 1
PS=1.8V, F,,= 10MHz, M=512, F,,,= 19.5kHz.

Power Area WCA
Non-recursive comb (LLW) (pmz) (d B)
S 4P —-» (1421 226 424,569 30
Stage 0 Stage 8
1
— —z1p PP -2 408 326,041 30

Two-Stage Structure

ieor WA e Lzl 235 339,309 30

Improved Two-Stage Structure

R ITETa} T ot W ol 2 238 423,832 46
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OUTLINE
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6. CONCLUSION
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»Several novel two-stage efficient comb-based decimation structures
for high values of the decimation factors, which are power of any prime
number X, have been presented.

»NR-CIC-1 and NR-CIC-2 structures take the power benefits of non-
recursive-comb and the area efficiency of CIC structure.

» The choice of the decimation factors M, and M,, which makes the best
balance of area and power efficiency, is elaborated.

»The presented modified structures NR-CIC-3 and NR-CIC-4 have
Improved alias rejections in the first folding band, and in all other
folding bands which are not factors of x.

»The efficiency of the proposed structures has been validated
considering a 0.18um CMOS technology, taking x=2 and M=512 as an
example.
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» The obtained results confirm that the proposed structures are efficient
solutions for the implementation of XA ADCs converters with high
values of the oversampling ratio.

» The compensation of the passband droop has not been considered,
because the problem can be solved by cascading any simple known
multiplierless compensator at lower rate.
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