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Research Objective

Objective

* Development of
high linear & high resolution AX DAC

Our Approach

* Limit cycle suppression using digital dither
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Merits & Demerits of A2 DAC

Modulator
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Analog output

_|_
Digital input —>€)_, Z :_-F\outputA

i >

\Y

Merit

* Mostly digital circuit
* High linear & high resolution

for low frequency signal generation

Demerit

« Limit cycle problem for small input

> Due to modulator nonlinearity by quantizer

| 1bit Analog -
DAC LPF
Limit cycle
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Digital input —— ¥’ :—-F\outpul®_) Analog|
— 27T PAC LPF

A

Limit Cycle Problem

Modulator

\Y

Removal of analog signal by LPF sharply

= difficult )

\ 4

Analog output = Signal + Limit cycle

(Noise)
@

Obijective

- Limit cycle suppression
- Relax LPF requirement
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Analog output

Limit cycle

LPF X
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Our Approach

Digital input Digital dither signal
+ Analog output
A B N
U .| 1Dbit Analog
~ }’ | DAC > | LPF E
V Limit cycle reduction

with digital dither signal

-

Limit cycle Stair Smoothness !
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* Proposed Circuit




Dither input +

Proposed Circuit
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VvV output
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Analog output

Digital input
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Dither L— 1bit
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Digital
XOR
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< Features >
@D 1-bit output
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@ Digital dither

= NOT affect output signal, thanks to feedback

3 Easily generated digital dither

Digital signal “1” reverses

comparator output with XOR




Outline ez

« Simulation Configuration & Results
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Simulation Configuration

€ In 10-bit case

Sine wave Amplitude |
W 10 Amplitude and center value
1/, \// m) Controlled by number of 1’s

Center value

+ /
Digital dither signal D—1 > —"I}/\ Dither signal
Vv

Modulator output

(0] or 1]

Digital signal | —®—| > —
DC: -1~+1




Modulator Operation
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- Without dither

DC InputJT-— )3

? \

Time domain
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v' Ordersof ‘0’and ‘1" = dlfferent
v' Total numbers of 1’'s = the same

Frequency domain
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- With dither
i iy
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Sine wave

g2

Amplitude:0.094

Center value:-0.520

Conventional

\ > Z
>
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Proposed
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10-bit case 15/22

DC = 0.1 SFDR (Spurious Free Dynamic Range)

Signal Power

SFDR = miaximum Harmonics Power

SFDR=5.4dB < 22.9dB

Convewj/signal Power Proposed
] * 9 \e ‘
t
—eT

Maximum Harmonics Power
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/@( Amplitude  Digital dither

Center value
J

' Varying DC input

With dither ——
Without dither =g =

),

SFDR improvement
by more than 10dB
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* FPGA Implementation




Design Modification for FPGA Implementation %

@ Digital sine wave

L = Triangular wave
Complication =

(@ Change amplitude and center value
= Use approximation

@/@<Amplitude:0.256
Y A

Change | |
@ [ center value

Approximation




FPGA Board & Output Signal Waveforms ™

Xilinx
Virtex-6 ML605

FPGA Board

(Clock Freq. 50MHz)

Part of output waveforms
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FPGA Measurement Results

-10-bit case

Difference between numbers of 1’s
With dither ~ —®— = within % 2
Without dither === ( ><Total number is 1024 )

@ SFDR improvement » @ Linear DC

= more than 10dB
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Conclusion

< A% DA modulator >

Conventional : Limit cycle problem for small input

\ 4

Proposed: Using digital dither

» Limit cycle reduction = Relax LPF requirement
« SFDR improvement by 10 dB

« Linear DC

« 1-bit DAC following a modulator thanks to XOR
 FPGA implementation



Human & Circuit are the Same

23/22

-

We can NOT concentrate
at completely quiet place

Small ‘noise’ is good environment  Philip E. Vernon
@ British Psychologist

Studying
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APP. Using XOR gate 20125

® Proposed circuit | |
Using XOR gate 1-bit DAC following modulator

Dither
The conventional

Tﬂ-z ?_. DAC

J

® |nput dither before A2 modulator
Dither

J

® |nput dither after A~ modulator

Dither
_|_

: o gy 1 lDAC—

» Increased noise
due to dither adds quantization error » Multi-bit DAC
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App.

Q1 EETAHFANEEIZIHzD EZEFE A D L=,
HE1HzIZLF-DH ?

A1: Because the sine wave of 1Hz is very simple. Also, | think | do not want to
input the larger noise.

Q2:ED KL THRBLHRIE, FIMEZRDI-D M ?
A2:|l determine the amplitude and the center value for maximum SFDR.

Q3:SFDRTEHE L TLVE A, BERICLPFAA®H D TYIS YN A IILIFIBEE KA DA%
Ll g AARETIIALD, B, SEKRAITEE ML TLBDhH,

A3:Because relax the most of LPF requirement.
In addition, SFDR is simple indicator, and can apply the various signal bands, such
as DC.
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App.

Q4. =EFILBFTHAINI0IF KX I1ZXORTRESELHDIE. ETHX
ERTAH (/AR ANTWSERSIDEARLXLGDM, INEWTAH DA
MINSWVRELZDD TIFEL DAY,

A4:The modulator output of the proposed is the same as that of the conventional.
So, the proposed circuit has no problem.

Some audio systems have the limit cycle in the signal band.
So, the limit cycle cannot be removed by LPF.
It is necessary to reduce the limit cycle in advance.



ree- | Simulation Results

Sine Wave Amplitude:0.120

Center Value:-0.552
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10-bit case 30/22

Simulation Results pc=35

Signal Power
Maximum Harmonics Power

SFDR =

SFDR= 2.16dB < 16.33dB

Conventional Proposed




App.
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Simulation Results 14-bit case

© SFDR improvement

SFDR [dB] Difference between conventional and new

DC Input

With dither —e— | DC Input | Difference between numbers of 1's
Without dither =-#== = within = 1

( 2% Total number is 16384 )
= more than 10dB » © Linear DC
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SFDR [dB]
16-Dbit
DC Input
SFDR [dB] 18-bit
DC Input

With dither —e—  Without dither --A.-

Difference between conventional and new

DC Input

( > Total number is 65536 )

Difference between conventional and new

DC Input

( 7% Total number is 262144 )

Difference between numbers of 1’s
= within = 2

@SFDR improvement = more than 10dB »@ Linear DC
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ap. . Second-Order A2 modulator

10-bit case

DC =01 Modulator output

|
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Approximation of Center Value

Taking this value
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App. Noise Shaped  10-bit case

Sine Wave
Amplitude:1.0
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Center value:0 Y
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Abstract - This paper proposes a digital dither technique
to suppress limit cycles in a AX DA modulator. It uses an
exclusive OR (XOR) gate at the modulator output and
the digital dither is generated by another AXD modulator.
The resolution of the DAC following the modulator is
1-bit (instead of multi-bit) thanks to XOR gate usage,
and the overall SNR does not degrade because the dither
is added at the output and hence it is noise-shaped. Our
MATLAB simulation and FPGA implementation results
have verified the effectiveness of the proposed method.

1. Introduction

A AX DA converter consists of mostly digital circuit,
and it is frequently used for electronic measurement and
test equipment as well as audio systems because it can
produce highly linear DC and low frequency signal with
high resolution (Fig. 1). However the AX DA modulator
suffers from a limit cycle problem when its input
amplitude is small [1, 2, 3, 4].

We propose here a digital dither method to solve this
problem. It uses an XOR gate at the modulator output
and the digital dither. The proposed method has 3
important features: (i) A 1-bit DAC following the
modulator can be used thanks to using an XOR gate.
(1) The digital dither is noise-shaped and does not affect
the SNR because it is effectively added at the modulator
output. (iii) A digital dither is also generated by another
AX digital modulator.

Our MATLAB simulation results as well as FPGA
implementation results confirm that the limit cycles are
suppressed for all 10, 14, 16, 18-bit cases.

Fig. 1. Block diagram of the first-order AX DA converter

2. AXDA modulator ( Digital modulator )
< 2.1 > AX DA modulator configuration
A AX DA modulator consists of all digital circuits with
feedback configuration using an integrator and a
comparator (Fig. 1). The error signal is accumulated at

978-1-4673-9719-3/16/$31.00 ©2016 |IEEE

the integrator, and its output compared by a comparator.
The comparator output (0 or 1) is the AX modulator
output. Also the comparator output is fed back to the
input. It is known in [1, 2] that the output power
spectrum is noise-shaped; quantization noise is reduced
at low frequency while increased at high frequency.

< 2.2 > A¥ modulator with digital dither

The digital dither, 0 or 1, is defined as
(pseudo-)random signal, and it is used to remove the
limit cycles of the AYX DA modulator when input
amplitude is very small. If the digital dither is added at
the input of the modulator, the noise component is
increased so that the overall SNR may degrade. On the
other hand, if it is directly added to the AX modulator
output, a multi-bit DAC (instead of a 1-bit DAC)
following the modulator is required, and the multi-bit
DAC suffers from nonlinearity problem [1, 2]. The
proposed technique solves these two problems.
< 2.3 > Proposed AX modulator with XOR

We propose here a new technique using XOR gate
whose inputs are the comparator output and the digital
dither generated by another modulator (Fig. 2). The
modulator output is the XOR output; in case the dither
signal (Ddither) is 0, the modulator output (Dout) is the
same as the comparator output (Don) (or no dither is
added), while in case the dither signal (Ddither) is 1, the
modulator output is the reverse of the comparator output
(Don) (or effectively dither is added).

Appearance frequency of 1 for the dither signal
(Ddither) can be adjusted by changing the amplitude and
the center value of the input dither signal (Dind). When
the amplitude and the center value are very small, the
frequency of the dither signal of 1 is low, and vice versa.

Fig. 2. Proposed AX DA modulator with digital dither

3. MATLAB Simulation Results
< 3.1 > Limit Cycle Suppression (10 bit case)
We have verified the effectiveness of the proposed



technique (Fig. 2). We use a sinusoidal signal (Dind)
whose period is 10K-point for the dither generator and
its amplitude and center values are controlled for limit
cycle reduction. In addition, we have checked that the
numbers of 1°s at the modulator output are the same in
both cases of with and without dither for DC input (full
scale:-1 ~ +1) of Din.

Fig. 3 shows simulation results when the DC input of
Din is 0.1. We see that the limit cycle of the proposed
circuit with dither (Fig. 3 (b)) is lower than that without
dither (Fig. 3 (a)), and also that Spurious Free Dynamic
Range (SFDR) with dither (22.9dB) is higher than that
without dither (5.4dB).

In a similar manner, Fig. 4 shows the amplitude and
the center values of the input sine wave (Dind) adjusted
according to the modulator DC input (Din) for limit
cycle reduction. We compare SFDRs with dither and
without dither and we see in Fig. 5 that it is improved for
all range of the DC input (Din).

(a) Without dither

(b) Dither modulator sine wave input (Dind) of

amplitude: 0.094, center value: -0.520.

Fig. 3. Power spectrum of AX modulator output in case
that the DC input (Din) is 0.1.

(a) Amplitude (b) Center value
Fig. 4. Dither generation modulator input sine wave for
limit cycle reduction (Dot lines are approximation).

Fig. 5. SFDR comparison (simulation results)

< 3.2 > Study on reduced circuit of the limit cycle
(14, 16, 18-bit cases)

Section 3.1 describes the validation of the proposed
algorithm. We modify this original method for ease of
FPGA implementation; digital sinewave generation with
controlled amplitude and center values is complicated
for implementation, and here we replace a sinewave with
a triangular wave for the dither modulator input.

Fig. 4 shows approximation graph to determine the
amplitude and the center value of sine wave for a certain
DC input, and there only DC input change is enough. We
have simulated using this method in 14, 16, 18-bit cases,
and their results are shown as Figs. 6, 7 and 8. We see in
Fig. 6(a), 7, 8 that SFDR is improved for the DC input of
full scale between -1 and +1. Fig. 6(b) shows the
difference of the modulator output 1’s numbers with and
without the proposed dither in 14-bit case. We see that
the proposed circuit maintains the DC linearity because
the difference number of 1°s is within a 1 range. We
also see in Figs. 7, 8 that the linearity is maintained in
16-bit and 18-bit cases.

(a) SFDR comparison

(b) Linearity
Fig. 6. Simulation results in 14-bit case.



Fig. 7. SFDR simulation results in 16-bit case.

Fig. 8. SFDR simulation results in 18-bit case.

< 3.3 > FPGA design

Fig. 9 shows digital circuit design in Fig. 2, and it was
implemented on an FPGA, based on the description in
section 3.2. The amplitude of the triangular wave is
0.256 for design simplicity, and its center value is chosen
as shown in Fig. 10 (see Fig. 4(b)). Also the DC input
(Din) range is from -0.8 to +0.8.

Fig. 11 shows simulation results; we see in Fig. 11(a)
that SFDR improves for the DC input from -0.8 to +0.8,
and also Fig. 11(b) shows the difference between
numbers of modulator output 1°s with and without the
proposed dither in 10-bit case and we see that the
difference is within 2. Fig. 12 shows the FPGA board.

4. Conclusion

We have proposed a new digital dither technique for
limit cycle suppression and SFDR improvement in AX
DA modulators. It uses an XOR gate at the modulator
output and the digital dither is generated by another AXD
modulator or triangle wave generator (counter). The
resolution of the DAC following the modulator is 1-bit
(instead of multi-bit) thanks to XOR gate usage, and the
overall SNR does not degrade because the dither is
added at the output and hence it is noise-shaped. We
have performed MATLAB simulation and FPGA
implementation which verified the effectiveness of the
proposed method.
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Fig. 9. Digital circuit design of the proposed modulator.

Fig. 10. Input triangular wave center value.

(a) SFDR comparison

(b) Difference between numbers of modulator output 1°s

with and without the proposed dither.
Fig. 11. FPGA simulation results of the circuit in Fig. 9.
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Research Background

—Mobile equipment prevalils
everywhere

—Mobile phone, Digital still camera,
PDA

e

—Small size, High efficiency
—Multiple supply voltages
—Low-voltage supply



Featiires of Switching Regulator

“*Merit
=z High efficiency
=z Continuously varying output voltage
= Large output current

¥ Demerit
=2 Coll Is required. bulky and costly
=z Switching noise



Research Goal

“#We focus on a big problem of
switching regulator:

“Switching and harmonic noises”

— =
Proposal of EMI reduction technique

by spreading noise power spectrum
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Principle of DC-DC Converter(l)
#In case Clk=ON

Vad L Vout
ﬁfﬁ—l—L{UW ) AIL] _‘/dd _L‘/OMXTOH,
— JUL *D Z#ZC
i #1n case CIk=OFF
777 I
AILz —_ ‘/OmxToff
L
Vuut = Tﬂn 'Vdd AILI =AIL.2
T T; clock period

Output voltage Vout 1s determined by the clock duty.



Principle of DC-DC Converter(2)

-Vdd: Input voltage
- CLK: Switching clock

L, C: Low pass filter for smoothing
Vout : Output voltage

CLK ouT
I

LPE DUTY=25%

L
Voo Vout 5V
10 =)
\Y

T l y = —_—C DUTY=50%

- CILK - 1.5V

DUTY=75%



DC=-DC Converter with PWM Controller

PWM Circuit

:""."""""E? ................................................................ E VCC 3.3[V]

Output voltage setting

Comparator :

T

FeedBack

Comparator output
Error amplifier output

Triangular wave




Features of PWM Control

Advantage

% ON/OFF switching

) High efficiecy ON OFF
— 00— o—

% Negative feedback control
||:> Output is stable regardless of output load. Output voltage

. + —

Output voltage setting {(H— PWM Switching e
r— Regulator 9 S

©

o c

Disadvantage

@ Synchronization with clock ||]|:> Harmonic noises
In specific frequencies




EMI and Switching Regulator

O

Q Q Q Q Shield

Q\i

Costly, Large 1n size

Shield is required
to meet EMI Regulations

——

Proposal of EMI reduction circuit
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% Proposal of Noise Power Spectrum Spread
Method in DC-DC Converters
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Proposed Methed

onventiona = onverter

Extra Digital Control Circuit

Generated switching noise power spectrum are
In specific frequencies. EMI regulation limits

I

v (Conventional) (Proposed)

y spreading the spectrum of switching noise power,




Principle of
Pseudo-Random Digital'Modulation (PRM)
Driving Clock - Regulator Output -

NormaICjﬁ | _ —\p—r@—lv—“\/ W.. W w,l \p

/
Phase Modulati Y e - .
BT Switching Noise

Effectof V =1L é
dt

*Switching Control with Pulse

Large Switching Noises

Large Harmonic Noises

Pseudo-Random Spread Spectrum of Noise Power



PRM Circuit Implemeéntation
- 3bit LFSR case -

Reset L I I D
DQ - pQ* DQ - LFSR
. L :
Input
SELI SEL2 SEL3
O
\ MUX P
inl in2 inb in? F
w T—L .............................................................. Lﬁ‘
>
TN e i
Clock

Shift Register



SEL 2

SEL 1

SEL 0
SEL

PRM input | |

in7
n6
in5
in4
in3
in2

inl

PRM output ' |

PRM Timing Chart

3bit LFSR case
" B 7 4
s D A

R B
| |

R |
| i

] | | | |
1 I [ e I
1y v | 3 v v
50 100 150 200 250 300 350

Time [ us |




DC-DC Converter with PRM

Proposed PRM Circuit DC-DC
Reset. Converter
¥ "L Output

PRM ; i .l |= T
INDUJ, F { ( L

ind ind -!thj {ﬁ{}{afef ) in? P R M 5 .
| | ovtut

ClockoI*—1r— _____ [ (

=]
=
o

|

|

|

|

|

=
r

DC-DC Converter

PWM PWM Controller

<€
SIS Control Circuit NN

Conventional Circuit

(No need for modification)



Uptimal-ClockL"nase
Shift(1)

*When clock phase shift 1s too large,

output ripple becomes
too large

Normal clock ( Conventional )

|

\

PRM clock ( proposed ) noise spectrum are not
spread sufficiently.

P
Optimal phase shift 1s obtained by measurement.

J u ‘ *When clock phase shift 1s too small,



Optimal Clock Phase Shift(2)

Optimal value of maximum phase shift (Tshift)

T
Tshifi= pg -
Tpwm=PWM clock period
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% Implementation and Measurement Results

L
wr



FPGA Design

Evaluation Board Design Item

Technology:FLEX10K30EQC208 -3 [EY=13%! Spec.

(Altera) Spectrum Spread Method Direct

Shift Register Clock 6MHZz
PWM Input 187kHz
PN—code Control Clock  187kHz

Supply Voltage

PN-code
Sequence

Code Length 31
The Number of DFFs 37




Measurement Setup

GPIB

O+—D O—D «D oD O

| [tft“

| !
T w0 sdl  sd2  sd3 sel 4] |
Vad Spectrum
Mux nalyzer
} inl in2 in3 in3l (HP ESA-15004)
D O—eD O—aD Q’—i ———————————————————————————— M | Vdd
Dﬂ 7 6| |5 Driver W ]%‘
Circuit ) ; ) Shift Resister
PCI1933(PWM,
% " Y PWMOUT Z=
1] 2] 3] [4
Blompn

"—QMC—" {,) WM - IN Buck Converter
= PWM (Control

circuit)




Measured Power Spectrum of Driving Clock

Power [dBm] Power [dBm]
. ‘ () ) -1.5dBm
AN \\j O (
=20 -20 WAL T
|
40 b WA B | 1.0l [ 1' 40
60 Wllls1.w,lwmﬁ W“ - -0
80 -80
-100 -100
0 200k 400k 600k 800k 1M 1.2M 0 200k 400k 600k 800k 1M 1.2M
Frequency [Hz] Frequency [HZz]
Power spectrum of Power spectrum of
normal clock PRM OUtpUt clock with
5bit M-sequencer
(Conventional) (Proposed)

Maximum peak reduction by 12.7dBm



Measured Output Voltage Wayveform of DC-DC Converter

Input voltage Vdd=3.3V, Clock duty =50%

Amplitude [V] Amplitude [V]
1.7 1.7
| f-t | R | | | bt | |
| WA T A iy AL AL (R{FPA A il LA
16 "\ﬂﬂ\ il f e \,M i 16 | \W S | WWWK M
i
0 20 40 60 80 100 0 20 40 60 80 100
Time [us] Time [us]
Output waveform Output waveform
with normal clock with PRM clock.

(Conventional) (Proposed)



Meastired Oiitput Power Spéctriiii

of DC-DG Converter
Power [dBm] Power [dBm]
-34.9dBm -39.6dBm
20 / =27-3cBm 20 42°9uB
0 - 0 /’
ol |~ -355dBm NRAny -48.3dBm
| { A/// )
40 (J\,)Qf (D | 1 1 ) . ] 240 | ‘
60y WMWMWMWW -60
-80 | | = -80
-10 -100
0 200k 400k 600k 800k 1M 1.2M 0 200k 400k 600k 800k 1M 1.2M
Frequency [Hz] Frequency [HZz]
Output power spectrum Output power spectrum
with normal clock with PRM clock
(Conventional (Proposed)

)

Maximum peak reduction by 12. 3dBm



Clock Duty vs. Qutput Voltage

\

1.5 —
1.0 /
i Ideal

0.5 —— Proposed
0 —+— Conventional
10 20 30 60 70 80 90

“Duty’ [%]

Match to the theoretical output voltage.




Effiency [%]

Efficiency vs. Output Current

94
93 T \k\\\ X Conventional
92 \\\ -+ Propose
¥ \,\\ r

91 \\\
90 :\\
., N
88 \ \\|
87 \\ |
86 B

4 6 S 10 12 14 16 1§ 20

] out [mA]

The proposed method does not affect efficiency.



Peak ' Noise Power Spectrum vs.
the Number of M-SequencerBits

Muximum Noise Power [dBm]

WhUANIXXO o0

3 45 6 7
LFSR Bit numbver

Muximum Noise Power [dBm]
-29.5
=-30.0x L
-30.5[
-31. ' L.
-31.5 1.
-32.0F
-32.5

-33.0

3 45 6 7
LFSR Bit numbver

Peak Noise Power Spectrum
of Driving Clock

Peak Noise Power Spectrum
of Switching Regulator Output

5-bit and 6-bit are reasonable trade-oft.
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Summary

Proposal of Noise Power Spectrum Spread Technique

= Addition of simple digital circuitry can realize EMI reduction.
- Low cost, Low power

- Robust against temperature variation, aging
No need for modification of the other parts.
Applicable also for voltage-boosting converter.

Reduction by

Implementation with FPGA

Confirmation of Max. Peak 12.3dBm

Its effectiveness Fundamental 5.7dBm

by measurements 2nd-harmonics | 15.6dBm

3rd-harmonics |12.8dBm




