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ABSTRACT

CONVERSION OF CURRENT MODE CONTINUOUS TIME SIGMA
DELTA CONVERTERS FROM 1 BIT TO 3 BITS

Sigma delta analog digital converters which are widely used in electronics are
gradually achieving faster speeds and lower power consumption. The most important
factor that affects speed and power consumption is the type of the sigma delta analog
digital converter. To achieve higher speed, using continuous time design instead of discrete
time design is more reasonable. The other factor that affects the performance of the sigma
delta analog to digital converter is the mode of the design which is current mode or voltage
mode. Current mode design has a lot of advantages against voltage mode design but there
are a few disadvantages of the current mode design when the resolution of the sigma delta

analog digital converter increases.

First of all, in this thesis, there is a summary of a one bit 4™ order continuous time
current mode sigma delta analog digital converter with 128 MHz sampling frequency and
32 MHz operating frequency which was designed before. Also, the test of the same
structure is included. Moreover, upgrading the structure from one bit to three bit and the
test of the new structure are explained. Hence, a three bit 4™ order continuous time current
mode sigma delta analog digital converter with 128 MHz sampling frequency and 32 MHz

operating frequency is presented.



OZET

1 BIiTLIK AKIM KiPLi SUREKLi ZAMANLI SiGMA DELTA
CEVIRICILERIN 3 BiTE CEVIRILMESI

Giintimiizde elektronik uygulamalarda sik¢a kullanilan sigma delta analog sayisal
doniistiiriiciilerde giderek yiiksek hizlara ve diisiik giic harcamalarina ulagilmaktadir. Hiz1
ve gilic harcamasini etkileyen en onemli etken sigma delta analog sayisal doniistiiriiciiniin
cesididir. Daha yiiksek hizlara ulagmak i¢in ayrik zamanl tasarim kullanmak yerine siirekli
zamanli tasarim kullanmak daha mantiklidir. Sigma delta analog sayisal doniistiiriiciiniin
performansim etkileyen diger bir etken de tasarimin akim modlu veya gerilim modlu
olmasidir. Tasarimin akim modlu olmasinin gerilim modlu olmasma gore artilart ¢ok
fazladir ancak c¢oziiniirliik arttikca akim modlu tasarimda gerilim modlu tasarima gore

birkac eksi durum olusmaktadir.

Bu tezde ise basta daha onceden siirekli zamanli akim modlu tasarlanmig bir 32
MHz calisma frekansi1 128 MHz 6rnekleme frekansi olan dordiincii derece bir bant geciren
bir bitlik sigma delta analog sayisal doniistiiriicii hakkinda kisa bir 6zet ve bu yapinin testi
bulunmaktadir. Ardindan bu yapmin bir bitten ii¢ bite c¢ikartilmasi anlatilmistir ve yeni
yapinin testi yapilmistir. Sonu¢ olarak 128 MHz ornekleme frekansi, 32 MHz calisma
frekansi olan ii¢ bitlik bir dordiincii derece bant geciren akim modlu, siirekli zamanl sigma

delta analog sayisal doniistiiriicii tasarimi sunulmustur.
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1. INTRODUCTION

Sigma delta analog digital converters consist of three blocks which are filter,

quantizer and digital analog converter blocks as depicted in Figure 1.1.

Filter Quantizer
Analog

Input

1]
—
{ bac

Figure 1.1. Sigma delta analog digital converter modulator block

The first block is the filter block which can be different types because of order and
the type of the filter. The order of the filter increases the filtering performance and type of
the filter determines which frequencies need to be filtered. The main duty of this block is
to reduce noise caused by the signals at unwanted frequencies and the feedback signal. The
shape of the output of this block is the filtered shape of the input of the block.
Additionally, noise reduction varies from filter to filter. Usually low pass and bandpass
filters are used in sigma delta converters. The order of the filter increases signal to noise
reduction ratio. Switched capacitor filters are mostly used in most designs but they require
a clock to turn the switches on and off. This type of design is called discrete time design
which the input signals are sampled with switched capacitor logic. However, filtering can
be done continuously by using continuous time filters. Continuous time filters consist of
gm-C filters instead of switched capacitor filters. By using continuous design higher speeds
can be achieved because there is no limiting of clock that controls charging and
discharging of the capacitors; thus there is no settling time the capacitors to be charged and
discharged. Another concern is the mode of the filter. Voltage mode sigma delta converters
are used widely but current modes are gaining popularity day by day. If the design is

voltage mode, the input and the output of this block is a small voltage on a DC voltage.



Thus, this block should be designed carefully, so that the voltage of the nodes in this block
won’t be higher than supply voltage. Moreover, the voltage difference at the nodes
shouldn’t be high because high voltage causes delays because of the capacitances of the
nodes. However in current mode designs there is no delay because of the node
capacitances. Therefore, current mode designs are faster than voltage modes. Nevertheless,
in current mode designs instead of voltage limitation, there is maximum current limitation
which can be solved by increasing the w of the transistors. Hence, the output current of the
filter block should not be higher than the input limitation of the comparator block. Another
advantage of current mode designs is the addition of the signals in current mode designs is
easier than the addition of the signals in voltage mode designs because addition of currents
is a lot easier than voltages.. Also, the filter block is designed differentially because the
comparison of two signals is truer then comparing a signal to a constant value in the

quantization block.

The second block is the quantization block which first compares the previous
signals to each other. If there are two differential inputs of the quantizer, a single
comparator block would be enough to find whether the signal is positive or negative;
therefore, the output will be a single bit. Additionally, the quantization block can have
more resolution than 1 bit. In that case, signals are not only compared to each other but
also compared to each other plus some additional constant signals. Hence, the difference
between those signals is compared with some constant values, so the resolution increases.
Moreover the resolution increases, the output of the DAC looks similar with the input of
the whole design. In addition, the outputs of the quantization block are voltages and also,
they represent the output bits. As the resolution increases, the output bits increases, too.
Furthermore, the input of the quantization block can be voltage or current like in filter

block.

The third block is the digital analog converter block which is the feedback of the
conversion. The output bits of the comparator are turned into an analog signal with this
block. If the output signal of the digital analog converter is voltage it is hard to make
subtraction with the main input of the sigma delta converter, but if the design is current
mode instead of voltage mode, the output of the digital analog converter will be current

and the subtraction will be very easy.



2. SUMMARY OF THE FIRST ANALOG DIGITAL CONVERTER

First design is a 4™ order bandpass one bit current mode sigma delta analog digital
converter. Three main structures of the first design are summarized in this section. Further
details of this section can be found from the publications of the original designer when it is

prepared.

2.1 Filter Block

[1] designed a current mode 4™ order bandpass filter for sigma delta analog digital
conversion which can be seen in Figure 2.1. This filter is a 4™ order Cascade of Resonators
Feedforward Form (CRFF) filter. Furthermore, the rectangles represent integrators and the
big trapezoids represent the coefficients of the filter. The small trapezoids are for limiting

the input of the integrators.

1/k 1/k

1/k

Input k 1/k k
.A s 1/s Y | 1/s 1/s
Quantizer | Output
L »

Filter block

Y.

A

DAC

Figure 2.1. 4™ order bandpass current mode CRFF filter block used in sigma delta ADC

For precision, each designed current mode integrator is supplied with a different

source which is nearly the same voltage as the others.



2.2 Quantizer Block

Quantizer block in Figure 2.2 consists of a single comparator because the analog
digital converter is one bit. The comparator compares two input currents rather than
comparing one of the inputs with a constant value. Hence, all the signals in the analog
digital converter are symmetrical signals because the comparator has to compare two
currents to each other. Furthermore, comparator has a digital output value which changes
with the clock and two output signals for DAC which changes with the clock. One of those
two output signals for DAC is a pulse when the digital output value is logic ‘1’ and the

other is a pulse when the digital output value is logic ‘0’.

input signal 1 —— digital output value

CONMPARATOR

clock

output logic 1 signal for DAC
input signal 2 —

output logic 0 signal for DAC

Figure 2.2. Quantizer block

2.3 Digital Analog Converter Block

Digital analog converter block in Figure 2.3 consists of a single circuit. This circuit
generates 20 pA at the output signal 1 and -20 pA at the output signal 2 when the input is
logic ‘1’ and generates -20 puA at the output signal 1 and 20 pA at the output signal 2 when
the input is logic ‘0’. This circuit is also a return zero digital analog converter which
generates 0 pA at the output signals at the end of the clock. Thus, output signals return to
the value ‘0’ at the end of the clocks. To synchronize the clocks and returns there are some

delay structures in DAC block.

logic1input output signal 1
& P Digital Analog P g
logic 0 input Converter (DAC) output signal 2
clock

Figure 2.3. Digital Analog Converter Block



2.4 Simulation Results
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Figure 2.4. The ideal SNR output of a 4™ order bandpass sigma delta converter

The ideal SNR output of a 4™ order bandpass sigma delta converter using the
coefficients can be seen in Figure 2.4 [2]. SNR is calculated with the ideal outputs in
MATLAB. The HSPICE outputs of the designed converter are simulated in MATLAB and
the simulation results of the designed converter can be seen in Figure 2.5. SNR is
calculated as 68 dB in this design. A prototype chip of the first design was produced in an
earlier work and the next section is about the preparation of the test PCB of the first design

and the test of the first design.
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Figure 2.5. The MATLAB simulation result of the designed a 4™ order bandpass sigma

delta converter



3. TEST OF THE FIRST ANALOG DIGITAL CONVERTER

3.1 Preparation of the PCB

First of all, the pins and the pin specifications of the chip can be seen in Figure 3.1.
and Table 3.1. Moreover, a socket is used for plugging chip into the PCB which can be
seen in Figure 3.2. The inputs for the PCB can be seen in Table 3.2

EEEECREEEEEEE

EEEECCEEECEEE
EEEEEEEEEEEEE

EEFEEEEEEEEEE

Figure 3.1. Pins of the Chip
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Figure 3.2. Socket for plugging chip into PCB



Table 3.1. Pins and pin specifications of the first chip

Pin | Pin Specifications

1 128 MHz clock input

2 Digital ground voltage

3 128 MHz clock output

4 Digital supply voltage

5 128 MHz digital data output

6 Digital ground voltage

7 Byte ready signal output

8 16 MHz QO digital output

9 16 MHz Q1 digital output

10 | 16 MHz Q2 digital output

11 | 16 MHz Q3 digital output

12 | 16 MHz Q4 digital output

13 | 16 MHz QS5 digital output

14 | 16 MHz Q6 digital output

15 | 16 MHz Q7 digital output

16 | Digital supply voltage

17 | 32 MHz clock output

18 | 32 MHz digital data output

19 | Clock input for other test circuits

20 | Integrator test circuit data output

21 | Quantizer test circuit digital output
22 | DAC test circuit positive current output
23 | DAC test circuit negative current output
24 | Positive input current for test circuits
25 | Negative input current for test circuits
26 | Analog ground voltage

27 | Test circuits NMOS bias control voltage
28 | Filter positive current output

29 | Filter negative current output

30 | Filter positive voltage input

31 | Filter negative voltage input

32 | Analog supply voltage

33 | Analog ground voltage

34 | Positive input for slow ADC

35 | Negative input for slow ADC

36 | Filter NMOS cascode bias control voltage
37 | Slow ADC NMOS cascode bias control voltage
38 | DAC bias voltage input

39 | DAC bias voltage output

40 | NMOS cascode bias voltage output
41 | PMOS cascode bias voltage output
42 | NMOS cascode bias voltage input

43 | PMOS cascode bias voltage input

44 | 4™ integrator supply voltage

45 | 3" integrator supply voltage

46 | 2" integrator supply voltage

47 | 1" integrator supply voltage

48 | Positive input for fast ADC

49 | Analog ground

50 | Negative input for fast ADC

51 | Analog supply voltage

52 | Digital supply voltage




Table 3.2. PCB inputs of the first design

Pin | Pin Specifications
PO | Analog Ground
P1 | Voltage source input

P2 | Fast mode voltage signal input (32 MHz)
P3 | Filter test voltage signal input (§ MHz)
P4 | Slow mode voltage signal input (§ MHz)

PS5 | Test circuits voltage signal input
P6 | Digital Ground

P7 | Fast mode 128 MHz data output
P8 | Fast mode 128 MHz clock output
P9 | Byte-ready output

P10 | QO0, 16 MHz data output

P11 | Q1, 16 MHz data output

P12 | Q2, 16 MHz data output

P13 | Q3, 16 MHz data output

P14 | Q4, 16 MHz data output

P15 | QS5, 16 MHz data output

P16 | Q6, 16 MHz data output

P17 | Q7, 16 MHz data output

P18 | Slow mode 32 MHz data output
P19 | Slow mode 32 MHz clock output
P20 | Test circuits clock input

P21 | Integrator data output

P22 | Quantizer data output

3.1.1 Biasing and Supplying of the Chip

There are plenty of supply and bias voltages which need that much voltage sources.
Instead of using many voltage sources, a single voltage source is used with voltage
regulators and potentiometers to produce different bias and supply voltages of the chip.
Furthermore, those bias and supply voltages will be precise when precise potentiometers

are used.

LM317 voltage regulator is used in when generating voltage. The voltage
difference between ADJ pin and Vour pin in LM317 is always 1.25 V. A resistor between
100 © and 200 Q is recommended to be placed between ADJ pin and Vour pin. To
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generate voltages larger than 1.25 V, a single resistor is used between those two pins.
Therefore, the current flowing from Vour to ADJ is constant and the same as the current
flowing from ADJ to ground. If a precise potentiometer is placed between ADJ pin and the
ground the voltage of the Vour can be precisely chosen. There weren’t any precise
potentiometers with resistance value 1-500 Q during the design of the PCB, so a 1 KQ

resistor is placed parallel to the potentiometer to lower the total resistance to 1-500 Q.

While generating voltages less than 1.25 V a precise potentiometer can be placed
between Vour pin and ADJ pin while ADJ pin is connected to the ground. The voltage
between Vour and ADIJ is constant but the third pin of the potentiometer is between 1.25 V
and O V. This out pin of the potentiometer is affected by the current flowing through, but
those pins are always connected to the gates of the MOS transistors, thus no current will be

flowing through them.

Both analog and digital supply voltages of the chip are 2.5 V. But those voltages
are separated from each other; hence, analog circuits and digital circuits are not affected by
each other. The supply voltages of the integrators which are also 2.5 V are separated from
other voltages too because filter coefficients can be tuned precisely with changing the
supply voltages of the integrators. However, all integrators can be supplied with same
voltage with switches when needed. NMOS bias voltage is nearly 1.78 V and PMOS bias
voltage is nearly 0.51 V. The bias voltage used in DAC current sources is 1.18 V. Switches
can be used to choose bias voltages between voltages generated in PCB and voltages
generated in the chip. Voltage generation circuits in PCB can be seen through Figure 3.3 to

Figure 3.12.

Some capacitors with value 15.2 uF are placed parallel to the outputs to lower the
ripple effect of the generated voltages caused by voltage regulators. There are also some
more surface mount capacitors with value 100 nF connected between same places but at
closer distance to the pins of the chip to lower these effects more. There is also a bigger

capacitor between the input voltage P1 and the analog ground.
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Figure 3.9. Generation of the bias voltage of the NMOS transistors for slow and fast modes
and generation of the NMOS cascode bias control voltage for filter and test circuits. Those

voltages are chosen with switches.
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While testing filter alone, the output voltage and current should be adjusted with

potentiometers to have optimum results which can be seen in Figure 3.12.

32 32 32 32
28 79 27 23
1MKO 1MMKO 10K QO 10K QO
Potentiometer Potentiometer Potentiometer Potentiometer

Figure 3.12. Filter test output voltage and current adjustment
3.1.2 Input Blocks

Signal inputs of the chip are symmetrical, but the signal processor that will be used
in the tests has a single output. Using two signal processors instead of one may cause
delays between two signals and a phase noise occurs. Thus, a transformer is used to
convert a single signal into two symmetrical signals with the same amplitude. Moreover,
small capacitances are connected between the output of the transformers and the inputs of
the chip because the DC levels between those nodes are different. There are 8 inputs of the
chip, which are two symmetrical for slow mode, two symmetrical for fast mode, two
symmetrical for filter and two symmetrical for other test circuits. Figure 3.13 shows

detailed information about these blocks.
3.1.3 Output Blocks and the Final Scheme of the PCB

The outputs of the slow mode and fast mode converters are connected to a BNC
connector output to measure the results precisely. Other pins are connected to logic
connectors, so that the results can be measured when needed. Final scheme of the PCB can

be seen in Figure 3.14 and the photos of the PCB can be seen in Figure 3.15 and 3.16
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Figure 3.13. Conversion of the single inputs into symmetrical inputs.
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3.2 Test of the PCB

3.2.1 Test of the Fast Mode

In this section, fast mode of the chip which has 32 MHz operating, 128 MHz
sampling frequency is tested. Bias voltages and supply voltages are adjusted to the
optimum values. When the input is a 100 mV peak to peak sine signal, the output of the

chip measured in an oscilloscope can be seen in Figure 3.17.

A\ LAV IAV A

/
--J
U U V“

Measure P1:arealZ?) F2dreq{C1) F3:ampliZ P4:--- P&--- PE- - -
walue -4.7804 nvs 296.7 MHz 513
status v R ki

iv] Stop 40

250kS 50 dge  Positive
1= 132ns
W2= -80.0ns 1iAK= -15.82 MHz

Figure 3.17. The output of the chip measured in an oscilloscope when the input is a 32

MHz 100mV peak to peak sine signal

To see the signal to noise ratio, the output of the chip is connected to a spectrum
analyzer. Signal to noise ratio is 31.1 dB when the input is a 50 mV peak to peak sine
signal, and the Fourier transform of output measured in a spectrum analyzer can be seen in
Figure 3.18. When the sine signal input is increased to 330 mV peak to peak, Signal to
noise ratio is also increased to 45.2 dB, which can be seen in Figure 3.19. If the sine signal

input is increased to 450 mV peak to peak, noise cancelation is lowered and sigma delta
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shape is deteriorated as seen in Figure 3.20. The graph of signal to noise ratio versus input
voltage can be seen in Figure 3.21. As seen in the figure, signal to noise ratio increases
nearly linearly as the input voltage increases; then, reaches its maximum value when the

input voltage is 330 mV and begins to deteriorate after 340 mV input voltage.
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Figure 3.18. The Fourier transform of the output measured in spectrum analyzer when the

input is a 50 mV peak to peak sine signal.
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input is a 330 mV peak to peak sine signal.
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Figure 3.20. The Fourier transform of the output measured in spectrum analyzer when the

input is a 450 mV peak to peak sine signal.
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3.2.2 Test of the Slow Mode

In this section, slow mode of the chip which has 8 MHz operating, 32 MHz
sampling frequency is tested. Like the fast mode, slow mode bias voltages and supply
voltages are adjusted to the optimum values. When the input is a 100 mV peak to peak sine

signal, the output of the chip measured in an oscilloscope can be seen in Figure 3.22.

c2

'
Fy

Measure P1:arealZ?) F2dreq{C1) F3:ampliZ P4:--- P&--- PE- - -
walue -31.3628 nvs 481.07 MHz 2686
status v 4 o

Stop 40

Edge Positive
Kl= 132ns  Ax= -B3.2ns
Wi= -50.0ns lidd= -15.82 MHz

Figure 3.22. The output of the chip measured in an oscilloscope when the input is a

8 MHz 100 mV peak to peak sine signal

The output of the chip is connected to a spectrum analyzer again to see the new
results. Signal to noise ratio is 36.5 dB when the input is a 50 mV peak to peak sine signal,
and the Fourier form transform of output measured in a spectrum analyzer can be seen in
Figure 3.23. When the sine signal input is increased to 260 mV peak to peak, Signal to
noise ratio is also increased to 50.6 dB, which can be seen in Figure 3.24. If the sine signal
input is increased to 450 mV peak to peak, noise cancelation is lowered and sigma delta
shape is deteriorated as seen in Figure 3.25. The results could be better but the output of

the chip is not connected to a BNC connector in PCB. Hence the results of the spectrum
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analyzer are not as good as they are expected due to the additional wiring added for the

connections.
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Figure 3.23. The Fourier form transform of the output measured in spectrum analyzer

when the input is a 50 mV peak to peak sine signal.
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Figure 3.24. The Fourier form transform of the output measured in spectrum analyzer

when the input is a 260 mV peak to peak sine signal.
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Figure 3.25. The Fourier form transform of the output measured in spectrum analyzer

when the input is a 450 mV peak to peak sine signal.
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4. CONVERSION OF THE ADC FROM 1 BIT TO 3 BIT

4.1 Introduction to the 3 Bit Design

Difference  Integrator  Comparator

Analog Digital

In J— Fitter

/1 Dbit

v DAC
W

hodulstar

Figure 4.1. 1 bit sigma delta modulator

The conversion of the 1 bit old design which can be seen in Figure 4.1 to 3 bit new
design in figure 4.2 will be explained in this section. First of all, the output of the 1 bit
comparator is designed as it compares the differential outputs of the filter with each other
and the quantizer output is ‘1’ if the positive input is more than negative input and ‘0’ if
vice versa. The output of the new comparator block is now 3 bit so there are 2° = 8
different levels of outputs. To compare filter differential outputs more precisely it has to be
known how large the difference of the differential outputs is. So, these outputs should also
be compared with each other plus some extra current to find the difference between them.
There are 8 different levels of outputs so there must be 2° — 1 = 7 comparators. Therefore,
there must be 7 differential inputs for 7 comparators. So, the outputs of the filter must be

copied to those converter blocks.
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Figure 4.2. 3 bit sigma delta modulator

4.2 New Quantization Block
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The new quantization block now consists of 7 comparators and current mirror

block. Usually continuous time sigma delta modulators like [2] have a sample and hold

circuitry so that quantization can be done frequently at a clock frequency, but comparators

used in this design are already comparing the input signals frequently at a clock frequency.

Thus, there is no need to use a sample and hold circuitry in this design.

The outputs of the filter are between +350 pA and -350 pA. Hence, each current

mirror will have a 500 uA DC current. Moreover, the output thresholds will be +300 pA,
+200 pA, +100 pA, 0 uA, -100 pA, -200 u A, -300 pA. As long as the input is larger than

those threshold values, the output will be ‘1°, otherwise the output will be ‘0’. The output

levels of the comparators and the 3 bit values can be seen in Table 4.3. The new

quantization circuitry can be seen in Figure 4.3. Estimated power used in current mirrors is

S00 uAx2.5Vx8x2=16mW.

Table 4.1. Comparator current levels and outputs

D7 D6 |D5[D4[D3[D2[D1]|Y2]Y1]Y0
Less than-300pA |0 |0 o o o |o [o Jo [o |o
300 pAto 200pA |0 |0 |0 |0 |0 |0 |1 |0 |0 |1
2200 uAto-100puA |0 |0 |0 |0 |0 |I |1 |o |1 |0
100puAtoOpA |0 O JO |0 |1 |1 |1 Jo |1 |1
0 pA to 100 uA 0 |0 |0 |1 |1 |1 |1 |1 [0 |0
100pAt0200pA |0 |0 |1 |t |1 |1 |1 |1 o |1
200uAt0300pA |0 |1 |1 |1 |1 |1 |1 |1 |1 |0
More than300pA |1 |1 |1 |1 |1 |1 |1 |1 |1 |1
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Figure 4.3. New quantization circuitry with current mirrors
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According to the comparators output first DAC block either generates -20 uA or

+20 pA. In the new system, there are 7 comparators. Therefore 7 DAC circuits will be used

in the new DAC block. The outputs of the DAC circuits are connected to each other so the

new output generates -140 pA to 140 pA depending of the output of the comparator. 140

UA is very high for the input due to 20 pA. So a current divider block which can be seen in

Figure 4.4 is used to lower the current to its quarter, so the output of the new DAC block
changes between -35 pA to +35 pA(-35 pA, -25 pA, -15 pA, -SpA,SuA, 15 pA, 25 pA

,35uA).
s
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Figure 4.4. Current divider
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4.4 Configuration of the Output Block
Quantization block has 7 outputs which are also the outputs of the comparators in
same block. The output of the general circuit must be 3 bits. Therefore, an output block is

needed to convert 7 quantizer outputs to 3 bit outputs.

Table 4.2. Quantizer outputs, encoder inputs and 3 bit binary code

D7 (D6 |[D5[D4[D3[D2[D1[q7[q6[q5]qd | q3]q2[ql]q0]Y2]Y1]YO
ololololoflo[o|lolo[o|o]o]lo|o][1T]O[O0]oO
olololololo[1]oflof[o]lo]o]o|1][o]oOo|o0]1
olololojo|t][1]ofloflo]lo]o[1][o]o]oO|[1]oO
ojlololo|[1]t1|t]ofloloJo]t][o]o|lo|o0]|1]1
ojlolo|t][1]1lt]oflolo]t]o]o]lolo|Tl][o0]oO
ojlo |t |t ][1]1|t]oflol1]o]olo]oflo|T1]o0]1
o1 1|t ][1[t][1]lol1][o]lo]lo]o]o]o]1[1]oO
Tt 1ttt 1[1lololo]o]lo]lolo] 1 [1]1

In Table 4.2, 7 quantizer outputs which are also a thermometer code, encoder inputs
and binary code equivalents can be seen. Before the conversion of quantizer outputs to
binary code, conversion of thermometer code to encoder inputs is required. If it is assumed
that DO=1 D8=0,

q(x)=D(x) B(D(x+1) (1)

For example, q(5)=D(5)&D(6)=1%1=0 when the output is (101),. Hence, this
conversion block can be done with XOR gates. The encoder inputs are used for another
flash DAC unit which has an analog output between 2.5 V and 0 V and this output value
changes depending of the encoder inputs. But this flash DAC unit requires the inverted
values of the encoder inputs. Therefore, XNOR gates are used to have the same outputs
without using inverters so there will be less latency between inverted outputs. Furthermore,
the output of the flash DAC unit is not precise but it is an abrupt output which can be
measured easily. It is not precise because of Vgg voltages of the transistors, delay of the
transistors when they are turned off or on, inequality of the resistors and the capacitance of
the gate voltages of the transistors. The output block converting the 7 comparator outputs

to encoder inputs can be seen in Figure 4.5.
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Figure 4.5. Output block used to convert 7 comparator outputs to encoder inputs and a

single abrupt output

Conversion of encoder inputs to binary code can be done easily via an encoder. The
encoder consists of NAND and NOR gates. In Figure 4.6, 8 to 3 encoder can be seen.
NAND and NOR gates can be seen in Figure 4.7. The new design scheme made in Mentor
tool can be seen in Figure 4.8 and the layout can be seen in Figure 4.9. The signal to noise

ratio of the HSPICE simulation of the scheme can be seen in Figure 4.10.
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S. 3 BIT DESIGN TEST RESULTS

5.1 PCB Redesign

A new PCB is designed to test the new 3 bit sigma delta modulator because the
previous PCB had some problems and the new sigma delta modulator outputs are different
from the previous one. The pins of the new chip and socket connections for plugging chip
into the new PCB are the same as the previous design and can be seen in Figure 5.1 and
5.2. Nevertheless, the pins specifications of the chip and the PCB are different from

previous one and can be seen in Table 5.1 and 5.2.
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Figure 5.1. The pins of the new chip
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Figure 5.2. Socket connections for plugging chip into the new PCB



Table 5.1. Pins and pin specifications of the new chip

Pin | Pin Specifications

1 Null

2 Null

3 Null

4 Analog supply voltage

5 Analog ground voltage

6 DAC bias voltage input

7 NMOS cascode bias voltage input
8 PMOS cascode bias voltage input
9 128 MHz clock input

10 | Digital ground voltage

11 | Digital supply voltage

12 | Null

13 | Null

14 | Null

15 | Null

16 | Quantizer output dl

17 | Quantizer output d2

18 | Quantizer output d3

19 | Quantizer output d4

20 | Quantizer output d5

21 | Quantizer output d6

22 | Quantizer output d7

23 | Serial output

24 | Encoder input Q7

25 | Null

26 | Null

27 | Null

28 | Null

29 | Encoder input Q6

30 | Encoder input Q5

31 | 3 bit binary output Y0

32 | 3 bit binary output Y1

33 | 3 bit binary output Y2

34 | Encoder input Q4

35 | Encoder input Q3

36 | Encoder input Q2

37 | Null

38 | Null

39 | Null

40 | Null

41 | Null

42 | Encoder input Q1

43 | Encoder input Q0

44 | 4" integrator supply voltage
45 | 3" integrator supply voltage
46 | 2" integrator supply voltage
47 | 1" integrator supply voltage
48 | Positive input for ADC

49 | Negative input for ADC

50 | Null

51 | Null

52 | Null

36



Table 5.2. PCB inputs of the new design

Pin Pin Specifications
PO Analog Ground

P1 Voltage source input
P2 Input signal

P6 Digital Ground
SEROUT | Serial output

PQO Encoder input QO
PQ1 Encoder input Q1
PQ2 Encoder input Q2
PQ3 Encoder input Q3
PQ4 Encoder input Q4
PQ5 Encoder input Q5
PQ6 Encoder input Q6
PQ7 Encoder input Q7
Pd1 Quantizer output d1
Pd2 Quantizer output d2
Pd3 Quantizer output d3
Pd4 Quantizer output d4
Pds Quantizer output d5
Pdé6 Quantizer output d6
Pd7 Quantizer output d7
PYO0 3 bit binary output YO
PY1 3 bit binary output Y1
PY2 3 bit binary output Y2

5.1.1 Biasing and Supplying of the Chip

37

Same bias and supply voltages are used on the chip. Hence, same voltage

generation circuitry is used on the PCB. However, 500 € potentiometers are used instead

of parallel 1 KQ potentiometers and 1 K€ resistors. Those voltage generation circuits are

nearly the same of the previous PCB.
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5.1.2 Input and Output Blocks

Like in the previous design, a transformer is used to convert a single signal into two
symmetrical signals with the same amplitude. Moreover, small capacitances are connected
between the output of the transformer and the input of the chip again to ignore the DC
level differences between the inputs of the chip and the outputs of the transformer. In the
new design there is only one transformer. Hence, there are only two inputs of the chip

which are symmetrical. Figure 5.3 shows detailed information about the input block.

po Tran?fgrmer 47 uF
: |} VIN P
BNC 500 1000 | _P (48)
FO
1 1000

PO { F——VIN_N (49)

47 uF

PO

Figure 5.3. Input block converting singular input to differential input

There are 4 kinds of outputs of the chip, which are analog output, 3 bit binary
outputs, encoder inputs and the outputs of the comparators. BNC connectors are used to
have better results in analog and 3 bit binary outputs which can be seen in Figure 5.4 and
5.5. Encoder inputs and the outputs of the comparators are connected to logic converters

instead.

23 4 BNC SO0 FSEROUT

N

PO

Figure 5.4. 3 bit analog output.
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Figure 5.5. 3 bit binary outputs

5.1.3 Final Scheme of the PCB

Final scheme of the PCB can be seen in Figure 6 and the photos of the PCB can be

seen in Figure 5.7 and 5.8.
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Figure 5.6. Scheme of the PCB



Figure 5.8. Photo of the PCB from below.
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5.2 Test of the New PCB

Supply and bias voltages are set by tuning the potentiometers and these voltages

can be seen in Table 5.3.

Table 5.3. Supply and bias voltages used in PCB

Node Voltage
Analog supply voltage 25V
Digital supply voltage 25V
Supply voltage of the Ist integrator 25V
Supply voltage of the 2 integrator 25V
Supply voltage of the 3™ integrator 25V
Supply voltage of the 40 integrator 25V
DAC bias voltage input 1.18 V
NMOS cascode bias voltage input 1.78 V
PMOS cascode bias voltage input 0.52V

First of all, the output signal is checked with an oscilloscope which can be seen in
Figure 5.9 after supply voltages and bias voltages are set. Like seen in the figure output
voltage is an analog voltage changing every 7.8125 ns (128 MHz) and changes from O V to
2 V. The output voltage value has some noise and it doesn’t change fast enough. This is
can be because of the latency of the transistors while switching on or off and because of
the length of the wires from the output node to the output pin. Also the output voltage must
be up to 2.5 V but it is 2 V maximum. This is probably caused by the Vs voltage of the
gate transistors. The result from this output will be abrupt but that was known before the
design and more precise results can be achieved from digital outputs which will be given

detailed information later.
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Figure 5.9. 3 bit analog output in time domain measured at oscilloscope

If the analog output is connected to a spectrum analyzer, the signal to noise ratio
(SNR) can be measured. Two types of spectrum analyzers are used to measure SNR and
the results can be seen in Figure 5.10 and 5.11. From those results, 58 dB SNR is
calculated from the first spectrum analyzer and 60 dB SNR is calculated from the second.
During the calculations and design, it is expected and calculated that the SNR would be 72
dB but the results were lower than expected. These results were abrupt so 3 bit binary
outputs are measured and swept enough time and each 3 bit logic value is computed
frequently equal to the clock period. Those logic values are used to calculate the SNR
using a fast Fourier transform (FFT) code in MATLAB and the MATLAB result can be
seen in Figure 5.12. The SNR from the MATLAB code is around 55-60 dB which is still
lower than expected. Before investigating the cause of the low SNR, 1 bit outputs are
checked. 1 bit output is equal to the highest order of the 3 bit digital signal. Therefore the
highest order of the 3 bit digital signal is connected to spectrum analyzers to check 1 bit
SNR results which can be seen in Figure 5.13 and 5.14. 1 bit SNR is 55 dB in spectrum
analyzer 1 and nearly 57 dB in spectrum analyzer 2. Each extra bit should increase SNR by
6 dB so SNR should be 67 - 69 dB from the design instead of 58 - 60 dB. Hence,

conversion to 3 bit blocks is checked.
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Figure 5.10. 3 bit analog output result measured at spectrum analyzer 1
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Figure 5.11. 3 bit analog output result measured at spectrum analyzer 2
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5.3 Finding the Mistakes

5.3.1 Current Divider

First of all, current divider circuit is controlled. In Figure 5.15 bottom left side of
the circuit is a current source circuit which generates 20 pA. This current flows through
transistor M18. Therefore the current flowing through transistor M10 is 4 times of current
flowing from transistor M18 because of the w ratios of the transistors (8/2). Hence the
maximum current that could flow through the input of the circuit is 80 pA but in the
design current can be £140 pA. Thus, circuit is tested with a pulse current source that
flows £140 pA each 7.8125 ns (128 MHZ) through input and the output is observed. The
output is +35 pA and has very very low latency that could be ignored, so the circuit is
working although it has problems which can be seen in Figure 5.16. Also, current source
block generates 30 pA instead of 20 pA. So instead of 80 uA, 120 pA current which is
close to 140 pA is flowing through transistor M10. This circuit is operating correctly
because of the low difference between the current flowing and the current that should flow.
Hence, w of the transistor is lowered from 2 to 1 so the maximum current that could flow
through transistor M10 will be 240 puA which will be enough to operate. New results can
be seen in Figure 5.17 and it can be seen that there is no difference at the figures although

the design is corrected.
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5.3.2 New Quantizer Block

The quantizer block is investigated and the same problem is found on the circuitry.
The input current value changes between +350 pA and it is compared with £300 pA.
Therefore +650 pA can flow through MOS transistors but it is designed that +400 pA can
flow through those transistors. Furthermore, maximum input current of the comparator
circuit can be 350 pA, but 650 pA is forced into those inputs. The same current source
used in current divider is also used in this block. The test of this comparison is shown in
Figure 5.18. 350 pA differential sine signals at 128 MHz are applied to the inputs of the
quantizer and the quantization outputs are observed and can be seen in Figure 5.19.
VDATA values in the figure are the outputs of the quantizers and I value is the input. The
quantization is not as good as expected. Hence, w of the transistors should change. The
new circuitry can be seen in Figure 5.20. In the new circuitry, input currents are compared
with +240 pA instead of £300 pA because it is thought that 300 uA is a bit high for
comparison. Therefore, new table for outputs will be like in Table 5.4 and the test results
of the new quantizer block are shown in Figure 5.21. The quantization results in the figure
are better than old ones and also fit the results in the table. Also, lowering the currents

reduced power dissipation to 11 mW.
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Figure 5.18. Test of the quantizer block
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Figure 5.21. Test results of the new quantizer block

Table 5.4. New currents compared in the design
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5.3.3 Control of the Output Blocks
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Output block is added to the quantizer block to check the results. Figure 5.22 shows

the analog output with the change of quantizer outputs. Figure 5.23 shows the analog

output and 3 bit digital outputs. Analog and digital outputs are working correctly.
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Figure 5.22. The analog output voltage with the change of the quantizer outputs.
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Figure 5.23. The analog output and the 3 bit digital outputs
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5.3.4 New Sigma Delta Modulator after the Changes

After the changes made on the design, the new design is simulated in HSPICE and
the new SNR is 72 dB as seen in Figure 5.24.
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Figure 5.24. SNR of the final design
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6. CONCLUSION AND FUTURE WORK

1 bit sigma delta modulator and conversion of 1 bit to 3 bit sigma delta converter is
explained in this thesis. The designed 1 bit sigma delta converter could have 60 dB
maximum when calculated and the test results achieved 46 dB SNR. Conversion to 3 bit
should increase SNR by 6 dB for each additional bit, so the 3 bit design could have 72 dB
SNR, but the produced design had 60 dB SNR maximum. This is probably caused by the
mistakes done during design and the short circuit problem of all supply voltages. All the
supply voltages are short circuited so filter can’t be tuned. The PCB of the first design had
some problems and SNR was lower than expected, and although the second design had
problems, the SNR of the second design is increased by 14 dB due to the changes done in
PCB and conversion to 3 bit. After the problems are solved SNR of the last design is 72 dB
and SNR is increased by 12 dB additionally. If the design is compared with similars like in

Table 6.1 it is very good compared to other designs. Comparisons are made by two ways.

figure of meritl = 4kt x technology x operation frequency x SNR / power dissipation

figure of merit2 = 4kt x operation frequency x allowable bits / power dissipation

Table 6.1. Performance of the design compared to other sigma delta converters

Degree Figure Figure
Sampling Operating dB Bits Power
Reference and Type Tech. Vop of Merit of Merit
frequency frequency (SNR) allowable Dissipation
Bit 1 2
3 bit design 4/3 CT ZA 0.35 25V 128 MHz 32 MHz 60 dB 10 21 mW 53,33 1524
[3] Breems L. J.
2004 4/4 CT ZA 0.18 1.8V 32 MHz 10 MHz 67 dB 11 122 mW 3,30 90
[4] Kulchycki S.
4/4 CT ZA 0.18 12V 240 Mhz 7.5 MHz 77 dB 12 89 mW 10,74 101
D. 2008
[5] Vink, J 1998 2/5 DT ZA 0.35 33V 54 MHz 5MHz 43 dB 7 60 mW 041 58
[6] Breems, L.J
2004 2/4 CT ZA 0.18 1.8V 160 MHz 10 MHz 67 dB 11 123 mW 3,28 89
[7] Raf Schoofs
2007 3/1 CT ZA 0.18 1.8V 160 MHz 10 MHz 72 dB 12 7.5 mW 95,55 1600
[8] Di
Giandomenico 4/4 CT ZA 0.13 15V 300 MHz 15 MHz 67 dB 11 70 mW 6,24 235
2003
[9] Mitteregger,
3/4 CT ZA 0.13 12V 640 MHz 20 MHz 80 dB 13 20 mW 130,00 1300
G. 2006
Design after
. 4/3 CTZA 0.35 25V 128 MHz 32 MHz 72 dB 12 23.3 mW 191.4 1647.5
corrections
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When 1 bit and 3 bit designs are compared, SNR is increased only 4 dB instead of
12 dB according to HSPICE simulations. When Figure 6.1 and 6.2 are compared, noise
shaping of the 3 bit design is not as sharp as the noise shaping of 1 bit design. The lowest
node in Figure 6.1 is -120 dB but the lowest node in Figure 6.2 is -110 dB. As future work,
improvements can be done by changing the feedback coefficients and using cascoded

current mirrors during copy operation at the inputs of the comparators.
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Figure 6.1. SNR of the 1 bit design
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Figure 6.2. SNR of the 3 bit design
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