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ABSTRACT

The aim of this master’s thesis is to measure and evaluate the performance of the
channel merging technique which is currently implemented on the Analog Devices part
called AD7606C. Then, based on the results from measurement, propose, design, and
simulate options to improve this technique in terms of dynamic range and total harmonic
distortion performance. It was discovered that by increasing the gain of the lower range
channel together with decreasing the cutoff frequency of the whole signal chain, the
currently implemented channel merging technique might be able to achieve 118.6 dB of
dynamic range which is about 3.6 dB more than was measured on the AD7606C. Also, by
implementing a simple algorithm in the internal logic block together with small additional
circuitry, the immunity towards the value of the external resistor, that customers use as
a part of the anti-aliasing filter, was achieved.

KEYWORDS

dynamic range, signal chain, signal-to-noise ratio, channel, merging, saturation, total
harmonic distortion

ABSTRAKT

Cilem této diplomové prace je zméfit a vyhodnotit parametry techniky slu¢ovani kanald,
kterd je momentalné implementovana v souc¢astce AD7606C firmy Analog Devices. Poté,
na zakladé vysledkd z méfeni, navrhnout a odsimulovat nékolik moZnosti, pomoci kterych
by tato technika mohla dosahovat vysSich hodnot dynamického rozsahu a celkového
harmonického zkresleni. V priibéhi prace bylo zjisténo, ze pomoci zvyseni zesileni kanalu
s niz8im rozsahem spolecné se snizenim mezni frekvence celého signalového fetézce miize
tato technika dosahovat az 118.6 dB dynamického rozsahu, coz je o 3.6 dB vice, nez
bylo zméfeno na AD7606C. Dale také bylo zjisténo, Ze pomoci jednoduchého algoritmu
implementovaného v logickém bloku, je mozné dosahnout imunity viici hodnoté externiho
rezistoru, ktery zakaznici pouzivaji jako soucast anti-aliasingového filtru.
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ROZSIRENY ABSTRAKT

UvoD

Predmétem této diplomové prace bylo zmérit a vyhodnotit parametry techniky
slucovani kandli, kterd byla implementovana do soucastky AD7606C firmy Analog
Devices. AD7606C je osmi kanalova soucastka, ve které kazdy kanal obsahuje jeden
programovatelny zesilova¢ (PGA) a jeden analogové digitdlni prevodnik (ADC) s
postupnou aproximaci (SAR) a s maximalni frekvenci prevodu 800 kHz.

Na zakladé vysledkti z méreni bylo dalsim tikolem navrhnout moznosti, jak tuto
techniku vylepsit se zamérenim na dynamicky rozsah (DR). V priubéhu méreni bylo
rovnéz zjisténo, ze tato technika je velmi citlivd na hodnotu odporu, ktery zédkaznici
predrazuji pred PGA jako souc¢ast anti-aliasingového filtru. Jelikoz citlivost na hod-
notu predradného odporu vyrazné redukuje moznosti pouziti této techniky, byly
rovnéz navrzeny moznosti, jak tuto citlivost potlacit.

Jednotlivé navrhy byly nasledné radné simulovany a vysledky ze simulaci srovnany
s vysledky ziskanych béhem méteni. V zavéru této prace byly jednotlivé navrhy
porovnany a byl vybran ten nejlepsi s ohledem na slozitost pripadné implementace
a dosazenych parametru.

POPIS RESENI

Méteni momentalné implementované techniky bylo realizovano v laboratotich firmy
Analog Devices. K méreni byla pouzita vyvojova deska pro testovani ¢ipu z pro-
duktové fady ADT7606X, velice presny zdroj testovaciho signalu, zdroj napajeciho
napéti, zdroj taktovaciho signalu a zdroj tepelny, ktery umoznoval realizovat jed-
notlivd méreni i pro rizné teploty. Data z métreni pak byla zaznamenavana pomoci
PC stanice.

Z takto provedeného méreni bylo zjisténo, ze momentalné implementovana tech-
nika je schopna dosahnout 115dB dynamického rozsahu s pomérem prevzorkovani
(OSR) nastavenym na 256, coz je o 5dB vice ve srovnani se samostatné pracu-
jicim kanalem. Rovnéz bylo zjisténo, ze hodnota celkového harmonického zkresleni
(THD) je stabilni do hodnoty ptredifadného odporu 100 Q. Po této hodnoté pak s
jejim rastem THD klesa.

Pro dosazeni vyssich hodnot dynamického rozsahu byly navrzeny a simulovany
celkem 3 TeSeni. Prvni feseni pocita s moznosti snizeni mezni frekvence PGA, ¢imz
dojde ke snizeni celkového Sumu v systému, navysSeni hodnoty poméru signalu k
sumu (SNR) a tim i ke zvyseni DR. Druhé feSeni navrhuje snizeni rozsahu druhého
kanalu z +2.5V na £1.25V a to sniZzenim hodnoty vstupniho odporu PGA na polov-
inu. Tteti feseni pak kombinuje obé jiz predstavena reseni.

Pro dosazeni imunity THD vici hodnoté predradného odporu PGA byly navrzeny
tii Feseni. Prvni feseni méni zesileni PGA druhého kanalu v zavislosti na hodnoté

vstupniho signalu, timto dochazi k prevenci pred saturaci tohoto kanalu. Druhé



feSeni navrhuje odpojit druhy kanal pokazdé, kdyz vstupni signal presahne hodnotu
vstupniho rozsahu druhého kandlu. Posledni predstavené feseni navrhuje rovnéz
odpojeni druhého kanélu v ptripadé, kdy vstupni signal je mimo vstupni rozsah to-
hoto kanalu. Avsak po odpojeni je druhy kanal okamzité pripojen ke navzorkované
hodnoté vstupniho signalu tésné pred momentem, kdy vstupni signal opoustél rozsah
druhého kanalu.
SHRNUTI A ZHODNOCENI VYSLEDKU
Celkové tedy byly navrzeny a simulovany t¥i moznosti, jak zvysit maximalné dosazitel-
nou hodnotu dynamického rozsahu. Jako nejatraktivnéjsi se ukazala moznost treti,
nebot pravé s touto moznosti bylo dosazeno 118.6 dB dynamického rozsahu, coz je o
3.6 dB vice nez s momentalné implementovanou technikou. OvsSem, moznost snizeni
mezni frekvence PGA ma vliv pouze do hodnoty OSR 64. Pracuje-li ADC s vyssi
hodnotou OSR nez 64, snizovani mezni frekvence PGA nemé pro dosazeni vyssich
hodnot DR zadny vyznam.

Pro dosazeni imunity THD vi¢i hodnoté predtadného odporu byly rovnéz navrzeny
a simulovany 3 moznosti. Vsechny tii predstavené moznosti byly schopny potlacit
vliv predfadného odporu na hodnotu THD. Moznost treti, tedy pripojovani druhého
kanalu na navzorkovanou hodnotu vstupniho signalu ve chvili kdy vstupni signal je
mimo rozsah druhého kandlu, dosahovala nejlepsich vysledkii, nebot byla schopna
potlacit i dalsi nezadouci jev a to pokles hodnoty THD se vzrustajici frekvenci vs-
tupniho signélu. Bohuzel, moznost tfeti vyzaduje pridani velkého mnozstvi dalsich
obvodu a tim vyrazné zvysuje slozitost implementace. Z tohoto diivodu byla pro bu-
douci moznou implementaci vybrana moznost druha. Ta navrhuje odpojeni druhého

kanalu od prvniho v momentu, kdy je vstupni signal mimo rozsah druhého kanalu.
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Introduction

One of the challenges that engineers of the integrated circuits must face is building a
signal chain that has high specification performance when the input signal is within
certain limits, for instance, 2.5V, and is also able to maintain performance as good
as possible when the input signal is outside of these specified limits.

This is highly requested by some Analog Devices customers as the signal, which
they want to process, might be in the range of £10V, but most of the time is
actually in the range of £2.5V.

It might be the case that the customer’s signal should most of the time be in
the range of £2.5V, but because of some unexpected event, a fault condition with
voltage levels outside of the £2.5V range might occur as well. An example of a

situation like this can be seen in figure 1.

Fault

Condition

Y05 Ry A A
l N Fault
i- Lo Condition
-10

Fig. 1: Signal with fault condition

The Analog Devices company has already implemented a technique that uses two
channels to build one signal chain with such a performance. This diploma thesis
aims to measure and evaluate the performance of the currently implemented channel
merging technique and propose, design and simulate possible improvements to this
approach.

The first part of this thesis presents the currently implemented channel merg-
ing technique and its dynamic range (DR) and total harmonic distortion (T'H D)
performance.

The second part then proposes 3 options to improve the DR performance and
evaluates obtained results.

The last part deals with the undesirable phenomenon when the T'HD perfor-
mance is decreasing due to the increasing value of the external resistor which the
Analog Devices customers use as a part of the anti-aliasing filter in front of the
AD7606C.

14



While working on this diploma thesis, internal and confidential documents from
the Analog Devices company have been used. Therefore, few of the cited documents

in the bibliography section can not be found anywhere in public space.
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1 Currently implemented channel merging
technique

At the time of writing this diploma thesis, company Analog Devices is developing
part AD7606C that will be another generic of AD7606X family[1][2]. AD7606C has
an option to merge two of its channels in order to improve the overall DR of 210V
signal chain.

As can be seen in figure 1.1 currently implemented solution uses 2 channels of
the AD7606C part. Channel 1 is set to £2.5V range and channel 2 is set to 10V
range. Internal logic block then reads the output codes of channel 2 and based on

their values decides whether to use codes from channel 1 or channel 2.

' Channel 1 Ry
1225V

18b ADC

o—1e
iz E Internal
— : logic
TTTTTTTTTmTmToTmmes J7 20b [
' Channel 2 i i output
P10V — L |

18b ADC

Fig. 1.1: Block diagram of the currently implemented channel merging technique in
AD7606C

When the input voltage Viy is within the range of +2.5V channel the internal
logic block outputs codes directly equal to codes from this channel. On the other
hand, when the input voltage Viy is outside of the +2.5V range, the internal logic
block outputs codes from the £10V channel shifted by 2 to the left [3].

Code Vin €< —2.5,2.5 >
COdeoutput = 2 w (11)
Codejp <2 Viy €< —10;—-2.5)U (2.5;10 >
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Extra DR that can be potentially gained using this technique is given by the
following equation|3].

1
DRpxr = 20 x log (%) — 12dB (1.2)

As can be seen in equation 1.2, the ideal extra DR should be 12dB. This extra
DR is added to the DR of £10V by itself and thus overall DR of the whole signal
chain is improved.

In order to prove this theory, measurements on AD7606C silicon were performed.
How these measurements were performed and what results have been obtained is
described in chapter 2.
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2 Measurements of the current solution

All measurements, that are being presented in following sections 2.1, 2.2 and 2.3,
were performed in one of Analog Devices laboratories, where the setup, that is
depicted in figure 2.1, had been built.

AD7606C Evaluation Board

Analog Power Supply AD7606C Digital Power Supply
AVDD DVDD
| Channel 0 |
| Channel 1 |
| Channel 2 |
1 Channel 3 |
Signal Source :l / \
Channel 4 |
PC Station
| Channel 5 | with
LabView Enviroment
1 Channel 6 |
| Channel 7 |
CLK GND |
Clock Source Thermal Source

Fig. 2.1: Simplified block diagram of setup that was used for measuring the DR of
the AD7606C

It is necessary to bear in mind that block diagram in figure 2.1 is simplified and
for example does not show any of the complex circuitry on the evaluation board.

It is also worth noticing that thermal source was available in this setup. Thus,
this allowed measurements to be made for different temperatures as can be seen in

subsection 2.3.3.

2.1 Dynamic range measurements

The DR of AD7606C was measured using the setup shown in figure 2.1 and LabView
environment that had been developed by Analog Devices and that is able to read
and write data from and to AD7606C.

The data that has been gathered is following.
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Fig. 2.2: The DR performance of the £10V channel and the £10V and +2.5V
merged channels

As can be noticed in figure 2.2, the highest DR achievable by currently imple-
mented channel merging technique is 115dB with oversampling ratio (OSR) equal
to 256. On the other hand, it can also be noticed that the highest DR, that can
be achieved by 10V channel itself is 110dB with OSR equal to 256. That is only
extra 5dB that have been gained by this technique, which is not what had been
expected according to equation 1.2.

ot oYy N 0o ©
T

Extra DR [dB]

W

0.5 1 2 4 8 16 32 64 128 256 512
OSR []

Fig. 2.3: The extra DR gained by merging the £10V and the £2.5V channels

Figure 2.3 shows the extra DR that was gained by implementing the channel
merging technique described in chapter 1 versus OSR. As can be seen, the extra
DR is lower than expected 12dB. In order to understand why extra 12dB is not
achieved it is necessary to have a look at equation for final DR when merging +10V
with £2.5V channel [3].

1
DR = SNRy + (20 x log (2—%) — (SNRyy — SNRz.s)) (2.1)
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It can be seen in equation 2.1 that the final DR when merging +10V with £2.5V
channel also depends on the signal-to-noise ratio (SN R) of the 2.5V channel and
if the SN R of the £2.5V channel is not equal to the SN R of the £10V channel,
then the difference must be subtracted from the expected 12 dB.

2.2 Signal-to-noise ratio measurements

In order to get a better idea about why the final DR of presented channel merging
technique is dependent on the SN R of both channels, measurements of the SN R
of both channels, 210V and +2.5V, were performed using the setup described in
figure 2.1. The gathered data is shown in figure 2.4.

110 ‘ 7
——+10V - £2.5V

105 16

— 100 15
/M
=,

= 95 14
5

90 3

85 | |—— £10V range 2

——42.5V range
80 | | | %
0.5 1 2 4 8 16 32 64 128 256 51

OSR []

Fig. 2.4: The SN R performance of the 10V channel and the £2.5V channel and

their difference

It can be noticed that the SNR of the +10V range is higher than the SN R
of the £2.5V range and thus the difference is not equal to 0. The reason why the
SNR of the £2.5V range is different might be explained by looking at equation 2.2
for the SN R of the whole signal chain including PGA and ADC as it is being shown
in figure 1.1.

VREF
SNR =20 x log V2 (2.2)
\/nPGA2 + napc? + ng?

In equation 2.2 Vigr is ADC reference voltage, npga is RMS noise of the whole

PGA and can be derived using equation 2.3, napc is RMS noise of the ADC and
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ng is RMS value of the quantization noise.

2 2
T T
npeA = \/ nrin X G % \/5 X deb] + [nrrB X \/5 X f3db] +npcacore® (2.3)

In equation 2.3 ngyy is the noise spectral density of the input resistor Ry, G

is set gain of the PGA, f34, is the cutoff frequency of the PGA, ngpp is the noise
spectral density of the feedback resistor Rpg and npgacorg is the RMS noise of the
PGA core.

As Vggr, napc and ng are the same for all ranges of the PGA, the main reason
why the SNR of the +£10V range is different from the SN R of the +2.5V range is
value of npga that is given by equation 2.3.

The main contributor to the difference between the RMS noise of the £2.5V
range PGA and +10V range PGA is the feedback resistor Rpp that is 4x higher
in case of the £2.5V range PGA. The reason for that is that the feedback resistor
sets the the overall gain G of the PGA that is needed in order to convert the input
signal going from —2.5V to 2.5V to levels that are accepted by the ADC. This gain
G can be derived using following equation [3].

Rrp
G = v (2.4)

It can be noticed in equation 2.3 that gain G multiplies the noise spectral density
ngry of the input resistor Ryy. Thus, because of higher value of the feedback resistor
Rpgp the noise contribution of the input resistor Ry is also increased. Higher value
of the feedback resistor Rpg and thus higher gain of the +2.5V range PGA are 2
main reasons why the SN R of the 2.5V range is lower than the SN R of the £10V
range and why we do not see expected extra DR of 12 dB.

10 ‘
——  Directly measured

——12dB-(SNRyy — SNRy5)

Extra DR [dB]
o & N o ©

W

0.5 1 2 4 8 16 32 64 128 256 512
OSR []

Fig. 2.5: Measured and derived extra DR gained by merging the £10V and the
+2.5V channels
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In figure 2.5 the measured extra DR is compared to the expected extra DR that
was derived using the measured SN R values for both ranges 10V and +2.5V. It
can be seen that the expected values match with measured values up to OSR equal
to 64. With OSR equal to 128 and 256 the difference between both values increases.
This is probably due to the fact that with OSR equal to 128 and 256 the spread of
codes that are being send to LabView environment is that low that the calculations
of DR are not 100% accurate.

The early conclusion from this section might be that with channel merging tech-
nique that is currently implemented on silicon it is possible to achieve 115dB with
OSR equal to 256. The ways to improve this technique, which mean increasing the
DR, are evident from equations 2.1, 2.2 and 2.3. One option is to decrease range
of lower range channel from £2.5V to £1.25V. Another option is to decrease the
cutoff frequency. How to put these options in to practice and what performance

might be gained using these options is described in the chapter 3.

2.3 Total harmonic distortion measurements

Another way how to evaluate performance of currently implemented channel merging
technique that can be seen in figure 1.1 is to connect sine wave source to the input
of the signal chain and measure the (T'H D) of the signal in the output of the signal
chain. As the output signal is being built by the internal logic block from the codes
from +2.5V and +10V channels, there are few sources of errors that might decrease

overall TH D performance of the whole signal chain [3].

Offset Mismatch Gain Error Phase Delay Mismatch

f\/‘\ Gain error
N

Offset mismatch Phase delay mismatch

10V range codes
T
|
|
|
|
|
|
|
<
|
|
|
|
|
10V range codes
T
|
|
|
|
|
|
|
<
|
|
|
|
10V range codes
T
|
|
|
|
|
|
|
|
|
<
|
|

Codes from +10 V range channel

Codes from +2.5 V range channel

Fig. 2.6: Potential sources of distortion when using channel merging technique

The first source of error and thus potential reason of decreased THD is offset
mismatch. If the 2.5V channel has different offset value than the 10V channel,
codes from £2.5V will be shifted up or down and the final signal, that is being built
by the internal logic block, will be distorted as it is shown in figures 2.6 and 2.7.
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Fig. 2.7: Distortion due to offset mismatch

It is obvious from figure 2.7 that it is desirable for both channels to have the
same offset value. To evaluate how sensitive this channel merging technique is to
the offset mismatch between both channels several measurements were performed
and can be seen in subsection 2.3.1.

The second source of error and thus potential reason of decreased T'HD per-
formance is the gain error. Both channels are set to different gain that is given
by equation 2.4. It is clear that due to process mismatch and variation, the input
resistor Ry and the feedback resistor Rpp might have slightly different values from
part to part and even from channel to channel. Thus, if the 2.5V has slightly
different gain G from its ideal value, undesirable distortion might occur.
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—— Codes from £2.5 V range channel

Fig. 2.8: Distortion due to gain error

As it can be seen in figure 2.8, it is desirable to have gain error as low as possible.
To have better understanding how sensitive to gain error currently implemented
channel merging technique is few measurements were taken and are presented in

subsection 2.3.2.
Final source of error directly related to the principle of this channel merging

technique is the phase delay mismatch as it is shown in figure 2.6. Both channels
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shown in figure 1.1 have certain value of the cutoff frequency f545 that is given by

following equation.

1
27TRFBCFB

The feedback capacitor Crp is not being shown in figure 1.1 but in real schematic

Jaap = (2.5)

it is connected in parallel with the feedback resistors Rpg. As it was in the case of
the gain error, due to the process mismatch and variation the values of the feedback
resistor Rpp and capacitor Crg might vary from part to part and even from channel
to channel. This means that both channels might have different value of the cutoff
frequency and thus different phase response. In other words, the input signal with
certain frequency fixy might be delayed by certain time when going through the
+2.5V channel and by different time when going through the £10V channel. This

effect might result in distortion as it is shown in figure 2.9.
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Fig. 2.9: Distortion due to phase delay mismatch

It is then clear that the cutoff frequency f3qp of both channels should be matched
as precisely as possible. However, the Analog Devices part AD7606C has no option
to trim the cutoff frequency and because of that there is no option how to measure
T HD versus phase delay mismatch. Nevertheless, it is clear that the f3qg mismatch
has impact on the T'"H D performance and it would be worth implementing trimming
of the f3qp frequency on each channel separately to maximize the T'H D performance

of this channel merging technique.

2.3.1 Total harmonic distortion versus offset mismatch

Analog Devices part AD7606C has an option to trim the offset value of each chan-
nel separately. This feature was then used to measure sensitivity of currently im-

plemented channel merging technique to the offset mismatch. By changing value
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in appropriate register of AD7606C the offset value of the +2.5V channel was al-
tered and then the THD was measured. By this procedure following plot has been

obtained.
105
—— Channel 0 and 1
100 | |~ Channel 2 and 3 |
— 05 Channel 4 and 5
% —«— Channel 6 and 7
o 90|
E 85 R
e k\k\*
80 " _ S|
75
—200 —-150 —-100 —50 0 50 100 150 200

LSB from default trim code [-]

Fig. 2.10: The T HD performance versus offset mismatch between the +10V and
+2.5V channels

In figure 2.10 THD versus offset mismatch can be seen. To fully understand
this figure it is necessary to explain what the horizontal axis z means. Every part,
after being manufactured, has to be tested. Part of the testing procedure is also
trimming of the offset mismatch and the gain error. After trimming procedure, the
best trim codes are then stored in appropriate registers to give the part best possible
performance. Thus, on the horizontal axis in figure 2.10 we can see the difference of
offset values from offset value that has been set by the trimming procedure in the
test.

Also, it is important to mention that AD7606C has overall 8 stand-alone chan-
nels. When channel merging is being used in order to enhance performance of the
+10V range option, two channels are merged together and are used as one. This is
the reason why there are 4 curves in figure 2.10.

Two main conclusions might be drawn from figure 2.10.

o Trimming procedure that is implemented in test of AD7606C works well as
the best TTHD performance is achieved with default trim codes.

o As long as the offset mismatch is within +48 LSBs from the ideal value, the
minimum 7T'H D of 90dB is achieved.
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2.3.2 Total harmonic distortion versus gain error

As it was mentioned in previous subsection, AD7606C has an option to trim gain G
off all channels separately. To the benefit of this work, this feature was used to alter
gains of +2.5V channels to see how sensitive the currently implemented channel

merging technique is to the gain error.

105
—— Channel 0 and 1
100 —«— Channel 2 and 3
— 95/ Channel 4 and 5
% —— Channel 6 and 7
Q 90|
T
~ 85
80 ==
75 | | |
-04 -03 -0.2 -0.1 0 0.1 0.2 0.3 0.4

Difference from gain at default trim code [%]

Fig. 2.11: The THD performance versus gain error between the £10V and +2.5V

channels

To understand the plot in figure 2.11 it is appropriate to explain its horizontal
axis x. This axis shows difference between gain that corresponds to trim code that
has been set by trimming procedure in test and gain that was set by altering trim
code during measurements. This difference is then divided by the gain value that
corresponds to trim code from test and multiplied by 100 to get percentage.

Two main conclusions might be drawn from figure 2.11.

o In this case trimming procedure that is implemented in test of AD7606C did
not set the most appropriate trim code in order to achieve best T'H D perfor-
mance.

o As long as the gain of +2.5V channel is within £0.08 % from the ideal value
the minimum T'H D of 90dB is achieved.

2.3.3 Total harmonic distortion versus temperature

As it was mentioned before, the setup in figure 2.1 allowed to alter temperature

during the measurements. Thus, to see how the T'"H D performance of the currently
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implemented channel merging technique varies with temperature, following mea-
surements were performed across the whole guaranteed temperature range of the
AD7606C which goes from —40°C to 125°C.
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94 .
92

9960 —-40 =20 O 20 40 60 80 100 120 140

Temperature ¥ [°C]

Fig. 2.12: The measured THD of the 10V and the £2.5V merged channels of 6
parts versus temperature

The plot in figure 2.12 shows the T'H D performance of 6 parts versus temperature
9. It can be seen that the T'H D holds very well across the whole temperature range
as it is stable and higher than 90 dB.

2.3.4 Total harmonic distortion versus external resistor

Another significant source of error and thus potential cause for decreased T HD
performance is the external resistor Rpxt and the non-linear current Iyi, going out

of the lower range channel as it is shown in figure 2.13.
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Fig. 2.13: Block diagram of the currently implemented channel merging technique
in the AD7606C with the external filter

The Rpxt in figure 2.13 is part of the external filter that customers usually use
as an antialiasing filter together with parts from the AD7606X family.

The reason why there is the Iy, going out of lower range channel is in details
described in chapter 4, which also covers mitigation of this undesirable current.

These two facts are one of the root causes that are behind decreasing of the T'"H D
performance. The Iy, generates the non-linear error voltage Vizr that is given by

equation 2.6.

Ver = RpxrIne (2.6)

As it can be seen in figure 2.13 the actual voltage Vspnsre that is being sensed
by the PGA is given by equation 2.7.

Vsense = Vin + Ver (2.7)

Equation 2.7 means that input voltage Vix is distorted by the Vggr, which is not
linear, and thus the T'H D performance of the whole signal chain is decreased.

It can be noticed from equation 2.6 that the higher the value of the Rpxr is
the higher the Vgg is. As the setup depicted in figure 2.1 allowed to connect the
external filter to the whole signal chain, the T'H D versus the value of the Rgxr was

measured and the data gathered is shown in figure 2.14.
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Fig. 2.14: The T'HD performance of the £10V and the £2.5V merged channels

versus the Rpxt

It can be seen in figure 2.14 that the T'H D performance decreases with increasing
value of the Rgxr as expected.

Interesting phenomenon also occurred during this measurement. It can be no-
ticed that the TH D performance not only decreases with the increasing value of
the Rgxr, but also decreases with the increasing value of the input signal frequency
fin- To have a closer look at this phenomenon, the THD versus the fix was also
measured and the data gathered can be seen in figure 2.15.

Nevertheless, the conclusion that might be drawn from this measurement is that
the currently implemented channel merging technique is able to achieve T'H D higher
than 90 dB with the Rpxt lower than 500 Q and with the fiy lower than 500 Hz.

29



120
110
100
90 |
80 |
70 1
60
50
40 F|—=—+10V & +2.5V merged channels
30 || —— +10V channel itself
29[01 102 103 104 109
Jin [Hz]

THD [dB]

Fig. 2.15: The T'HD performance of the £10V and £2.5V merged channels versus
the fin

The figure 2.15 shows the T"H D performance versus fix in case where the £10V
channel is merged with the £2.5V channel and in case where the 10V channel
works alone. It is clear that the THD performance of the £10V channel itself
is relatively stable over the whole measured frequency range as it decreases from
110dB to 85dB. On the other hand, the T"HD performance of the £10V channel
merged with the 2.5V channel decreases rapidly with the increasing value of the
fin. It is believed that this issue occurs due to mismatch between cutoff frequency
f3ap of both channels. Nevertheless, as it was mentioned before, the AD7606C has
no option to trim the f3qg and thus, further analysis of this phenomenon was not

possible at this stage.

2.4 Performance summary of the current solution

The currently implemented channel merging technique uses two channels of the
AD7606C. One channel is set to the =10V range and the other one is set to the
+2.5V range. Based on the codes from the ADC of the £10V channel, the internal
logic block makes decision whether to use codes from the £10V channel or from
+2.5V channel in order to build the final output signal as it is shown in figure 1.1.
By this technique, the extra 12dB of DR should be gained as it is given by equation
1.2.

Based on the measurements of the AD7606C first silicon few conclusions might

be drawn.
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The extra DR of 12dB is not possible to achieve as the signal chain with the
PGA set to the 10V range has different SN R than the signal chain with the
PGA set to the 2.5V range. This issue is described in figure 2.5 where it can
be seen that in the worst case this technique is achieving 5dB of extra DR.
This technique is very sensitive to several errors that might decrease its T'"H D
performance. These errors are: offset mismatch, gain error and phase delay
mismatch. In order to keep the T'HD performance higher than 90 dB these
errors have to be within a limits that are summarized in table 2.1.

This technique is also sensitive to the value of the Rpxt that customers use as
a part of the antialiasing filter. In order to keep the T'"H D performance higher
than 90 dB the value of the Rrxt should not exceed 500 Q).

Also, sensitivity to the frequency of the input signal fix has been discovered,
but as the AD7606C has no option to trim the fsqp, further investigation
was not possible. Nevertheless, it is clear that in order to keep the THD
performance higher than 90 dB the value of the fiy must not be higher than
500 Hz.

Tab. 2.1: Performance summary of the currently implemented channel merging tech-

nique
Specification Conditions
Parameter Symbol Value Unit | Parameter Symbol Value Unit
Dynamic Ov?rsamphng OSR 256 -
DR 115 dB | ratio
range Internal
sampling fst 800 kHz
frequency
External resistor Rgxt <500 Q
Total Input frequency  fix <500 Hz
harmonic THD >90 dB | Temperature 0 —40 to 125 °C
distortion Gain error - <=+0.08 %
Offset mismatch - <448 LSB

Based on the silicon results summarized in table 2.1 two main goals for the rest

of this thesis were set:

investigate options to further increase DR when merging two channels to-
gether,
investigate options to make the channel merging technique immune to the

value of the Rgxr or, in other words, investigate options to mitigate the Iny,
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going out of the lower range channel when the input signal is outside of the

range.

32



3 Improving the dynamic range performance
of the current solution

The currently implemented channel merging technique in the Analog Devices part
AD7606C is able to achieve performance that is summarized in table 2.1. It can be
seen that the highest DR that can be achieved is 115dB with the OSR equal to
256.

This chapter of this master’s thesis proposes, designs, simulates and evaluates

three options to increase the currently achieved DR of 115 dB.

3.1 Decreasing the cutoff frequency of the PGA

As it was mentioned in the conclusion of section 2.2, one way to increase the DR of
the currently implemented channel merging technique is to reduce the f3qg of the
PGA. As it can be seen in equation 2.3, decreasing the f3qp of the PGA will also
decrease the RMS noise of the input resistor Ry and the RMS noise of the feedback
resistor Rpp. Decreasing these two values also means decreasing RMS noise npga of
the whole PGA which should increase the overall SN R as it can be seen in equation
2.2.

Increasing the SNR of the £2.5V channel should result in increasing the fi-
nal DR of the currently implemented channel merging technique as it is shown in

equation 2.1.

Rpp,
|
Rirn, Crp,
o
Vin PGA Core Vour
O
firxe ik
[
Rpp,

Fig. 3.1: The PGA of the AD7606C

The fsqp of the PGA is given by the feedback resistor Rrp, P and the feedback

capacitor Crp, , as it is shown in equation 2.5. In order to decrease the f3qp either
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the CFBU2 or the Rp31/2 must to be increased. But, with equation 2.4 in mind, it is
clear that in order to keep the gain G of the PGA the same, the value of the Rpp, P
must be intact. This means, that the only way to reduce the fsqp of the PGA is to
increase value of the Cpp, Jo-

92

871 2 4 8 16 32

The feedback capacitor Crp, 12 in multiples of its original value[-]

Fig. 3.2: The SNR performance of the £2.5V channel versus the Cpp, ,

The figure 3.2 shows estimated SN R of the +£2.5V channel versus the value of
the Crp, , for the OSR equal to 1. The estimated SN R was derived using equations
2.2 and 2.3.

It can be seen that the highest gain in the SN R performance is obtained when
increasing the value of the CFBI/2 from 1 x CFBU2 to 2 X CFBI/Q. Because of that,
further analysis will be done with the Crp, P equal to double of its original value.
This change decreases the f3qp of the PGA from its original value of 32.1kHz to
16.05 kHz.
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Fig. 3.3: The SNR of the £2.5V channel versus the OSR and the Crp, ,
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The figure 3.3 shows the SNR versus the OSR of the £2.5V channel. Two
curves were obtained in simulations and one curve was obtained from measurements
on silicon and serves as a reference to make sure that the simulation results are
correct and reflects the reality.

It can be seen that by increasing the value of the Cpp, , by factor of 2 and thus,
reducing the fsqp of the PGA to half, the SNR of the +2.5V channel might be
increased up to the OSR equal to 64. After that, the SN R values are the same no
matter the value of the Crp, ,.

Also, it is worth to notice that the simulated values of the SN R match the
measured values very well as the biggest difference is 1dB in the case where the
OSR equals to 1. This gives the simulated values reasonable credibility.

As it was mentioned before, by increasing the SN R of the 2.5V channel, the
overall DR, when merging the +10V channel with the +2.5V channel, should also
increase as it is shown in equation 2.1. To find out the final DR of the £10V and
+2.5V channels merged together with reduced value of the f3qp, the simulation was

performed and following data was gathered.
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Fig. 3.4: The DR performance of the +2.5V and the £10V merged channels versus
the OSR and the CFBU2

As in the case of the SN R values, even here very good matching with the mea-
sured values can be observed. It is now easy to see that with reducing of the fs3qp
to half, higher values of the overall DR cannot be achieved as the maximum value
of 115dB is the same no matter the value of the CFBUQ. On the other hand, it can
be seen that reducing the f3gp of the PGA increases the overall DR for lower values
of the OSR.

Thus, increasing the value of the Crp, ,, might be helpful in situations where the
customer does not want to use the AD7606C part with high OSR. On the other

35



hand, it is necessary to bear in mind that increasing the value of the Cpp, , also
reduces the fsqp of the PGA and thus ability of the AD7606C to process signals

with higher frequencies.

3.2 Decreasing range of the lower range channel

Another way to increase the overall DR of the currently implemented channel merg-
ing technique is, according to equations 1.2 and 2.1, decreasing the range of the lower
range channel from +2.5V to lower value. As the customers using parts from the
AD7606X family are interested in the £1.25V range, the rest of this section will
analyse this particular range.

First of all, it is necessary to realize what does lowering the range of the PGA
mean as it has several impacts on the whole channel merging technique. According
to equation 1.2, the extra dynamic range (DRgx7) that can be gained in theory by
merging £2.5V and 10V channels is 12dB. It is clear that if the range decreases
from £2.5V to £1.25V, the new DRgxr that can be gained is given by equation
3.1:

10

Another thing that is necessary to realize is that with lowering the range from
+2.5V to +1.25V the size of the LSB is also decreasing as is shown in equation 3.2.

2.5 1.25

=9.53uV (3.2)

This has direct impact on the internal logic block that can be seen in figure 1.1.
As the size of the +£1.25V range LSB is half the size of the +2.5V range LSB, the
codes that the internal block outputs must be 21 bits long instead of 20 bits as it
was in the case of the £2.5V range. Also, the threshold values, that decide whether
to use codes from the 10V channel or from the £1.25V channel, must be adjusted
to accommodate the +1.25V range. The last thing that must be changed regarding
the internal logic block is the number of bits that codes from the £10V channel get
shift by. As the size of the lower range channel LSB is halved, the codes from the
+10V channel must be logically shifted by 3 bits to the left and not by 2 as it was
in the case of the £2.5V range. The full behavioural model of the internal logic
block that was used to merge +1.25V and +10V channels can be found in listing
B.2.

Another important thing to realize is that lowering the range of the PGA from
+2.5V to £1.25V also means increasing the gain GG of the PGA. As it was shown
before, the gain G is given by the equation 2.4 and depends on the values of the
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Ry and the Rpg. Thus, in order to double the gain G of the PGA the Ry must
be halved or the Rpg must be increased 2 times. To decide what option to choose,

following table that compares both scenarios was created.

Tab. 3.1: Comparison of two options to increase gain G of the PGA

Parameter 2 X Rpp Rin/2
Area increases decreases

Input resistance Rin Rin/2

PGA noise npga 191 nVvV 146 1V

Cutoff frequency fsqp decreases stays the same

Apart from others, the most important thing to notice is that the PGA with
halved Ry has lower PGA noise npga than the option with the doubled Rpg. This
also means that the SNR will be higher in the case of the halved Ryy than in the
case of the doubled Rpg, which should also mean better overall DR when merging
+10V and £1.25V channels together. Because of that, further analysis will be done
with the halved Rx.
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90 | —— +2.5V range
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Fig. 3.5: The simulated SN R performance of the £2.5V and the +1.25V channels
versus the OSR

The figure 3.5 shows the simulated SN R performance of £2.5V and +1.25V
ranges versus the OSR. It can be seen that the SN R performance of the +1.25V
range is about 1.5dB lower than the SN R performance of the £2.5V range. This
phenomenon makes sense once it is realized that even though the value of the Rix
was reduced to half and thus the noise contribution of this resistor got reduced as
well, the gain G was increased and thus the overall PGA noise npga got increased
too. In case of the PGA set to £2.5V range the npga was equal to 124 pV, but in
case of the PGA set to =1.25V range the npga was equal to 146 uV.
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One way to reduce this drop in the SN R performance of the channel with range
set to £1.25V has already been introduced in section 3.1. By increasing the value
of the feedback capacitor in the PGA the SN R performance of the channel should
be increased. This option is in more detail described in section 3.3.

Judging only by the SNR performance of £1.25V range it may seem that by
lowering the range from £2.5V to +1.25V it cannot be won much. Nevertheless, it
is necessary to bear in mind equation 3.1, which shows that by lowering the range
extra 18 dB of DR should be gained. In order to find out the final DR performance
of channel merging technique that uses £1.25V and +10V channels, simulation was

performed and following data was gathered.
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Fig. 3.6: The DR performance of £2.5V/£1.25V and £10V merged channels ver-
sus the OSR

It is very clear to see in figure 3.6 that even though the SN R performance of
the £1.25V channel was approximately 1.5dB worse than the SNR performance
of the 2.5V channel, as it is shown in figure 3.5, the final DR performance of the
channel merging technique that uses the +1.25V channel with the 10V channel
has improved by approximately 4 dB over the whole OSR range.

The highest DR that this option is able to achieve is 118.6dB with the OSR
equal to 256.

It is also necessary to point out that this option is able to achieve 115dB of DR
with the OSR equal to 64. The currently implemented channel merging technique
is able to achieve the same performance with OSR equal to 256. This is a huge
improvement as it allows customers to run the part with much higher clock frequency
in order to get the same performance. In the case where the OSR equals 256, the
maximum allowed clock frequency is 3.125kHz, but in the case where the OSR
equals 64 it is 12.5 kHz.
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3.3 Decreasing range of the lower range channel and

decreasing the cutoff frequency of the PGA

The drop in the SN R performance of +1.25V channel is caused by decreasing the
value of the Rixy and thus by increasing the overall value of the PGA gain G as it
is explained in section 3.2. In order to improve the SN R performance of £1.25V
channel the only thing that can be done is to reduce the f3qp of the PGA as it is
shown in equations 2.2 and 2.3.

As it was in the case of the 2.5V channel, even here the f3qg will be halved
by increasing the Cpp, ,, to double of its original value. Further increasing of the
Crg,,, also further increases the SN R performance as it was shown in figure 3.2,
but increasing the value of the Crp, , by factor of 2 shows the highest step in

improvement.
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102 % simulated, £1.25 V
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B2
980.5
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Fig. 3.7 The DR performance of £2.5V/+1.25V with 2 x Cp31/2 and £10V

merged channels versus the OSR

It is necessary to point out two important things in figure 3.7. The first thing
to notice is that with halved f3qg another extra 2dB of the DR might be gained in
comparison with the option where the f3qp has its original value. Thus, this might
be a good option to reduce the drop in the SN R performance of the channel with the
range set to £1.25V in comparison with the channel with the range set to £2.5V
if the halved f3qp is no issue for the customers. The other thing to notice is that
the higher the OSR is the lower the difference in DR is until there is no difference
between the option with halved f3qp and the option with original f3qg. The same

phenomenon was observed in figure 3.4 and it relates to the fact that once the OSR
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is equal to values 64 and higher, the digital filter has already filtered out all noise
contribution from the Riy and the Rpp resistors and only the noise that is left is 1/f

noise of the PGA core that is the same no matter the value of the Cpp, P

3.4 Summary of proposed options

Three options to improve the currently implemented channel merging technique in
terms of the DR performance were proposed, designed and simulated in this chapter.

The first option was based only on decreasing the fsqp of the PGA by increasing
the value of the Cpp, P by factor of 2. This change results in increasing the SN R
performance of the 2.5V channel and thus in increasing the overall DR of merged
+2.5V and 10V channels.

The second option was based on reducing the range of the lower range channel
from £2.5V to £1.25V. This option requires changes in the internal logic block
as well as changes in the PGA itself. Even though the SNR performance of the
+1.25V channel is about 1.5dB worse than in case of the 2.5V channel, the final
DR of £1.25V and +10V merged channels has improved by approximately 4 dB.

The last option was a combination of two previous ones. To improve the SN R
performance of the £1.25V channel, the f335 was reduced and another improvement
of 2dB in the overall DR was observed for the lower OSR values.

Tab. 3.2: Comparison between proposed options

Option Lower Fau Con Rin LSB Results DR [dB] DR [dB]
range [V] V] OSR=1 OSR=256
Silicon +2.5 faaB Crg Rin 19.1 Measured 100.8 114.8
Simulated 99.7 114.8
+2.5 faas/2 2Cpp Rin 19.1 Simulated 101.6 115.0
4125 faas  Crp  Rin/2 954 Simulated 1044  118.6
3 +1.25 faas/2 2Cpp Rin/2 9.54 Simulated 106.5 118.6

From table 3.2 and from following figure 3.8 it can be seen that the best option
to increase the overall DR of the currently implemented channel merging technique
is option 3. This option uses the +1.25V channel and cuts the f3gp to the half of
its original value and can achieve 118.6 dB of the DR with the OSR equal to 256.
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Fig. 3.8: The DR of all proposed options versus the OSR

The range of the lower range channel might be reduced even more as well as
the cutoff frequency of the PGA to obtain even better DR performance than with
proposed options. Nevertheless, it is necessary to bear in mind that further decreas-
ing the cutoff frequency has its limitation as it was shown in figure 3.2 and also it
decreases the ability of the signal chain to work with signals of higher frequencies.
Further lowering the range of the lower range channel might also have some negative

consequences as the Ry of the PGA must be reduced as well.
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4 Mitigation of the non-linear current of the
lower range channel

As it was mentioned in subsection 2.3.4, one of the main cause of the THD per-
formance degradation is the non-linear current In; going out of the lower range
channel when the input voltage Vix is out of its range. This Iy, then generates the
non-linear error voltage Vg across the RpxT, as can be seen in figure 2.13. This Vir
then adds up to the actual Vi and creates distortion as it is described by equations
2.6 and 2.7. This distortion then increases with increasing value of the Rgxt as it
can be seen in figure 2.14 where is data which has been measured on silicon of the
AD7606C with the currently implemented channel merging technique.

This phenomenon is highly undesirable as the customers want to use the Rpxr
as part of the antialiasing filter. Thus, in this chapter of this thesis, three options
to mitigate the Iy, are proposed, designed and simulated.

Nevertheless, to fully understand the cause of the Iyy, it is necessary to have a
closer look on what is happening when the Viy is outside of the range of the lower

range channel.

4.1 The non-linear current of the lower range channel

In order to find out root cause of the Iy, going out of the lower range channel, the

transient simulation was performed and the data shown in figure 4.1 was gathered.
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Fig. 4.1: The transient analysis of the lower range channel
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In figure 4.1 one period of input signal Vix can be seen together with the voltage
at the input and output of the PGA core and the Iy, going out of the channel.

Rpp,

Rin,

O
Vip ¢ VOM¢
% PGA Core % Vour

O

R,

Rpp,

Fig. 4.2: The PGA of the AD7606C, the Iy, analysis

It can be seen that when the Viy is within +2.5V range the voltages V;p and
Vou follow correctly. Once the Vix goes out of the +2.5V range, the PGA gets
saturated as the output of the PGA is limited by its rails. In the same time the V;p
still follows the Vi until it gets clamped and settles on value of one forward bias
voltage bellow ground (0V) or one forward bias voltage above Vpp (5 V).

It is clear to see that the Iy, going out of the lower range channel is given by
equation 4.1:

Iy = —V”j%_ Vir (4.1)
IN,

and as the Vip gets clamped and thus it is not linear, the Iy, is not linear as
well.

The reason why the V;p gets clamped is that there are many switches connected
to the node A that are not being shown in the simplified figure 4.2. To understand

why these switches clamp the V;p it is necessary to have a look at figure 4.3.
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Fig. 4.3: Clamping of the V;p, the Iy, analysis

Figure 4.3 depicts one switch of many that are connected to the node A. As it can
be seen this switch consists of PMOS and NMOS transistor connected in parallel.
When the switch is turned off, that means that the gate of the NMOS transistor
is tied to ground and the gate of the PMOS transistor is tied to the Vpp, the back
gate of the NMOS transistor is tied to the ground and the back gate of the PMOS
transistor is tied to the Vpp. In this case, when the voltage in node A goes above
Vbp or bellow ground diodes d0 or d1 start to open and create clamp. Then, because
of this phenomenon, the V;p remains stable until it is back bellow the Vpp or above
the ground.

As it was described, the facts, that the PGA goes into saturation when the Viy
goes outside of the £2.5V range and that in the same time the V;p gets clamped,
create the Iy, going out of the lower range channel that generates the Vir over
the Rgxrt. This phenomenon then reduces the overall TTHD performance of the
whole channel merging technique which is highly undesirable. Thus, in the following
three sections, three options to mitigate this phenomenon are proposed, designed,
simulated and evaluated.

In order to design and simulate following three options, proper test bench had to
be created and compared to measured results from the currently implemented solu-
tion on silicon. The comparison between results from the measurements on silicon
and simulated results can be seen in figure 4.4. It can be noticed that the simulation
is more optimistic with lower input frequencies but more pessimistic with higher in-
put frequencies. Nevertheless, the test bench, that had been created, reflects the

measurements very well and thus will be used for simulations of 3 following options.
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Fig. 4.4: The THD performance of the currently implemented channel merging

versus the Rgxr, simulation (solid) vs measurement (dashed)

4.2 Changing gain of the lower range channel

The first option to mitigate the Iy, only requires changes in the internal logic block
which can be seen in figure 1.1. This option is based on changing gain of the lower
range channel with regards to the value of the Vix. The internal logic block reads the
codes from the 10V range channel and once the codes are outside of the £2.5V
range, the internal logic block sets the gain of the £2.5V channel to the value
corresponding to the gain of the 5V range or to the value corresponding to the
gain of the £10V range when the Viy is outside of the £5V range. Thanks to this
technique the output voltage of the lower range channel PGA can not get saturated
and the Vin can not get clamped. Thus, the non-linearity of the Iy, is mitigated.

Changes that were required to implement this algorithm in the internal logic
block can be seen in listing B.3.

To see the mitigation of the Iy, non-linearity, the transient simulation was per-

formed and data gathered is shown in figure 4.5.
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Fig. 4.5: The transient analysis of the lower range channel while changing its gain

It can be seen in figure 4.5, that the Vo, at the output of the PGA does not get
saturated as the gain of the PGA is changing. Thanks to this, the V;p does not get
clamped in the same way as it does in the currently implemented solution, which
makes the Iy;, more linear.

To see if this technique works, another transient simulation was performed with
different values of the Rpxt and the THD performance was measured. The data

gathered is shown in figure 4.6.
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Fig. 4.6: The THD performance versus the Rpxt with gain switching technique

It can be seen that in figure 4.6 that the T'H D performance is no longer decreas-
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ing with increasing value of the Rgxr.

The main advantage of this option is that it only requires changes in the internal
digital block, thus, it is easy to implement. Nevertheless, it is necessary to realize
that this option can not be used for the channel merging technique that uses £1.25V
and 10V channels, because the +1.25V range was created by halving the Ry and
not by adding more resistance to the Rpg. Thus, there is no option how to simply
switch range from £1.25V to £2.5V or higher.

4.3 Disconnecting the lower range channel from the

signal chain

Another option to mitigate the Iy, going out of the lower range channel is to dis-
connect the lower range channel from the signal chain once the Viy is outside of the
range. For this option it is necessary to implement two more switches to the PGA
architecture, as it is shown in figure 4.7, and also add one more signal to the internal

logic block, whose code can be found in listing B.4.

Rrp, Rin,
SW3 f 1 Vin > 2.5,1.25 SWs —
OR
SW.
R, SWy Vin < —2.5,—1.25 T 1
° o
lVIN VOUTl —_— lVIN VOUTi
o -0
Rin, SW, Fom, i
SW4 i 'ﬁl SW4 —
Rrp, RFB_'2

Fig. 4.7: Disconnecting the lower range channel from the signal chain

The switches SW; and SW, are already implemented in the architecture of the
AD7606C PGA, but switches SW3 and SW; must be added. These switches only
have to connect input resistors R;y, and R;y, to the ground so simple NMOS
transistor working as a switch is enough to do the work. After adding the switches
the transient simulation was performed to check the behaviour of the proposed

algorithm. The data gathered is shown in figure 4.8.
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Fig. 4.8: The transient analysis of the lower range channel while disconnecting from
the signal chain

It can be seen in figure 4.8 that when the Viy is inside of the +1.25V range,
the voltage Vo and Vip follows input voltage Vin accordingly. But once the Viy is
outside of the +1.25V range, the +1.25V channel gets disconnected and voltages
Voum and Vip settle to value of the common mode voltage. Thanks to this, the
non-linearity of the Iy, is noticeably mitigated.

The transient simulation was performed to see how proposed technique works
with different values of the Rgxt. The data gathered is shown in figure 4.9.
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Fig. 4.9: The THD performance of the channel merging versus the Rgxt with
disconnecting technique
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It can be seen in figure 4.9 that this option also makes the channel merging
technique immune to the presence of the Rgxr as the THD performance does not
decrease with the increasing value of the Rgxt.

The main advantage of this option is that it can be used even when merging
+1.25V and +£10V channels. This was not possible with the previous option de-

scribed in section 4.2 and thus, it makes this option more convenient.

4.4 Connecting the lower range channel to the sam-

pled value of the virtual ground

Last option to mitigate effect of the Iy, is very similar to previous one with one main
difference. When the Vjy is outside of the lower range channel range, the input of
the PGA core does not get connected to the ground, but rather to the sampled value
of the same node right before it gets disconnected. This means that the internal
logic block has to read codes from the £10V range channel and once the codes are
close to the threshold value for the +£1.25V or £2.5V range, the voltage value of
the input of the PGA has to be sampled. Then, once the threshold value of the
+1.25V or 2.5V range has been crossed, the input of the PGA is connected to
the sampled voltage value.

It is clear that such a technique requires changes in the internal logic block as
well as designing of sample and hold circuit that will be able to sample and then
drive the input of the PGA core.

Bosw, 2 SWa SWi n. SWa
RFB1 RF31
o 7 Vin > 2.5,1.25 o 1
T T
Rin, A Viy < —25,—1.25 T A
@ O O
b I —_— 1
lVIN VOUTl lVIN VOUTi
S By S IS — = o
Rin, Vinve(—1.25;1.25) Rpp,
L Vine(—2.5;2.5) —
RFBz RF32
B SWs YRy swy Ty SW3 Fy SW,

Fig. 4.10: Usage of the sample and hold circuit for mitigation of the Iy,

The figure 4.10 depicts usage of sample and hold circuit that consists of 2 switches
SWi and SWs, 2 voltage followers F and F; and capacitor Cy. It can be seen that
when the Viy is in the range of the lower range channel the switch ST, remains

closed and thus, the voltage on the capacitor C directly follows voltage on the
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input of the PGA core. Once the Wiy is outside of the lower range channel range,
the switch SWW; opens and in the same time the switch SW; closes. Once the switch
SWy has been closed, the voltage follower F; drives the input of the PGA core with
fixed value.

This technique has one big advantage in comparison with the option described in
section 4.3 and it is that the node A is connected to the voltage that is very similar
to the voltage that will be on this node again once the input voltage is back within
the range of the lower range channel. This means that all capacitance in this node
does not have to be charged and thus makes the transition over the lower range

threshold smoother.

4.4.1 Sample and hold circuit

In order to implement technique described in section 4.4, sample and hold circuit

must be designed. Figure 4.11 shows proposed architecture.

Sample Connect

In Out
07

V
JNl Vouts, lVOUT

Fig. 4.11: Sample and hold circuit

As can be seen in figure 4.11, this circuit consists of two voltage followers F} and
Iy, two switches SW; and SW5 and one capacitor C;. The idea behind this circuit
is that the switch ST, remains open and thus the voltage V¢, on the capacitor Cy
directly follows the V;y while the switch SW5 remains closed. Once it is desirable to
sample the V;y, the switch SW; closes and the switch SW5 opens. Then the Vo
is directly equal to the Vi, on the capacitor C}.

Following sections describe the design process that ends with fully designed sam-

ple and hold circuit proposed in figure 4.11.

Initial design of voltage follower

For the voltage followers F} and F; architecture depicted in figure 4.12 was chosen.
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Fig. 4.12: Architecture of the voltage follower

First of all, the size of the output mpo PMOS transistor must be decided. This
device has to be able to source 100 pA and has to have the biggest transconductance
gm possible. These two conditions give us some clue for the W/L ratio, but in
order to set this ratio, length has to be decided first. The lower the length is the
higher the gm is, so based on this fact, the lowest length possible should be chosen.
Nevertheless, devices with the lowest length possible can sometimes suffer from the
leakage current Iy, which is undesirable. Because of that, the I, versus length of

this device has been simulated and the data gathered is shown in figure 4.13.

—. =50
<

=

= 60|

]

2

g —70}

&)

g 80}

g ——W/L is fixed
= -9

06 07 08 09 1 1.1 12 13 14
Length [pm)]

Fig. 4.13: The I, of the 5V PMOS transistor versus its length at 125°C

It can be seen that the Iy, of the 5V PMOS transistor is in pA. Such a low

value is not a problem for this case. Because of that, the initial length of this device
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is 0.5 pm.

As it was said, the output mpo PMOS transistor has to have high gm in order
to have the lowest noise possible. Because of that, the width of this transistor will
be set so that its Vg is going to be the same as its Vg when the transistor is being
biased with 100 pA.

0.1
ol - ok
—0.1F
—0.2 + =
—0.3 |
—04+ -
=05 ——L =0.5um

~0.6 ‘ ‘ ‘
0 100 200 300 400 500
Width [pm]

Vas - Vru [V]

Fig. 4.14: Vias - Vg of the 5V PMOS transistor vs. its width when being biased
with 100 pA

It can be seen that with width of 400 pm the mpo transistor should work in weak
inversion when being biased with 100 pA.

Dimensions of the mpo directly sets dimensions of the mp§ as these two transis-
tors must have the same current densities. Because of that the width of mp8 is set
to 40 pm.

The same design process can be applied to the output mno NMOS transistor.
To decide the length of this transistor, the I, versus its length has been simulated
and the data gathered is shown in figure 4.15.
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Fig. 4.15: The [y, of the 5V NMOS transistor vs. its length at 125°C
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It can be seen again that the I, is in units of pA which is not an issue for this
particular case. Because of that the length of the output mno NMOS transistor is
set to 0.6 pm.

As well as mpo, the mno should work in weak inversion in order to have high
gm. To find the appropriate value of the width of this transistor, the simulation
showing Vs - Vry versus the width has been performed and the results are shown

in figure 4.16.
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Fig. 4.16: The Vgg - Vg of the 5V NMOS transistor vs. its width when being
biased with 100 pA

It can be seen that in order to work in weak inversion when being biased with
100 pA, the output mno NMOS transistor should have width of 80 pm.

As mn8 must have the same current density as mno, the width of this transistor
is set to 8 pm.

The input pair transistors (mp0 and mp1) should also work in weak inversion
in order to have high gm and thus low noise. As this condition is the same as the
condition for the output mpo PMOS transistor the length of mp0 and mp1 is set
to 0.5 pm. It is also known that current of 20 1A is flowing through each of these
transistors. Thus, simulation showing Vg - Vg versus width of these transistors

has been performed and the results are shown in figure 4.17.
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Fig. 4.17: The Vgg - Vg of the 5V PMOS transistor vs. its width when being
biased with 20 pA

In order to push the input pair transistors mp0 and mpl a bit more into the
weak inversion and thus gain more gm, the width of 200 pm is chosen.

Next transistors to be designed are mp2, mp3, mp4, mpd, mp6, and mp7. These
transistors create current mirror whose task is to distribute current of 10 pA pro-
portional to absolute temperature (PTAT) to the rest of the circuit. The higher
the output impedance r, of the MOS transistor is the lower the current mismatch
is. Thus, to find out optimal ratio of r, and length of the PMOS transistor, the

simulation was performed and the results are shown in figure 4.18.
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Fig. 4.18: The r, of the PMOS transistor vs. its length when being biased with
10 1A

As it can be seen the r, of the PMOS transistor with fixed width is proportionally
increasing with its length. As this design is not area restricted the length of 2 um is
chosen. With this length relatively high r, of 10 MQ) is achieved while the area of

the PMOS current mirror is not unreasonable high.
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It is desirable for the current mirror to work in the strong inversion. In order
to work in the strong inversion, the Vgs - Vg of the MOS transistor should be
around 100 mV in this process. This fact gives us a clue to choose the initial width
of transistors in the PMOS current mirror. To choose the most appropriate width,

the simulation has been performed and the data gathered is shown in figure 4.19.
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Fig. 4.19: The Vs - Vg of the PMOS transistor vs. its width when being biased
with 10 nA

To keep the area of the PMOS current mirror reasonable, the width of 30 pm is
chosen for transistors with 10pA. For transistors in the PMOS current mirror with
higher currents than 10pA, the width of 30 pm is appropriately multiplied by the
ratio of these currents.

Transistors mp9 and mp11 create another current mirror that mirrors current
of 5pA with zero dependency on absolute temperature ZTAT. Thus, the initial
dimensions of these transistors might be the same as in previous case, only the
width has to be set to 15pm instead of 30 pm because the current sourced is 5 pA
and not 10 pA.

Transistors mp9, mpl1, mpl12, mpl3, mplj, mpld and mpl6 are working as
cascodes. The only task of these transistors is to keep voltage on their sources
the same regardless the voltage on their drains. This basically means that these
transistors are increasing the overall r, of the PMOS current mirror. To keep these
transistors as small as possible the minimal length of 0.5 um is chosen.

To be able to work as cascodes, these transistors must work in saturation region.
Because of that, the width of these transistors is set so that the Vg - Vg is 0V.
This condition ensures that the Vpgar of these transistors is as low as possible and

thus the ability to reach the saturation region is maximized.
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Fig. 4.20: The Vg - Vg of the PMOS transistor vs. its width when being biased
with 10 nA

As can be seen in figure 4.20 the width of 40 pm should ensure that the Vpsar
= Vs - Vg = 0V. Also, in this case applies the rule that the width of transistors
with higher current than 10 pA has to be multiplied by the ratio of these currents.

It can be noticed that the transistors mp18 and mp19 are also working as cas-
codes for the transistors mp9 and mp11. Thus, the dimensions of these transistors
can be derived with the same logic as it was in the previous case. The only differ-
ence is that the current of only 5nA is flowing through these transistors so width of
20 um is chosen instead of 40 pm.

Transistors mn0, mni, mn2 and mnj create the NMOS current mirror. As it
was mentioned previously, the higher the r, of the MOS transistor is the lower the
current mismatch error is. Thus, to find out the appropriate length of these devices
the simulation showing the r, of the NMOS transistor versus its length when being

biased with 10 pA has been performed and the results are shown in figure 4.21.
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Fig. 4.21: The r, of the NMOS transistor vs. its length when being biased with
10 1A
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Based on the results from figure 4.21, the length of 2 jnm is chosen to achieve the
ro of 10 MQ and to keep the area of the NMOS current mirror reasonable.
As it was in the case of the PMOS current mirror, it is also desirable for the

NMOS current mirror to work in the strong inversion region.
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Fig. 4.22: The Vs - Vg of the NMOS transistor vs. its width when being biased
with 10 nA

It can be seen in figure 4.22 that with width of 20 pm the Vgs - Vg of the
transistors in the NMOS current mirror should be around 100 mV. This value should
ensure that these transistors will work in the strong inversion.

The width of mn! and mn2 must be set to 80 pm as the current flowing through
them is 40 pA.

Transistors mn6, mn7, mn8 and mnl0 are working as cascodes. Their main task
is to ensure that the voltage on their sources remains the same regardless the voltage
on their drains. To keep these devices as small as possible the minimum length of
0.6 pm is chosen. To maximize the ability to work in the saturation region with the

lowest Vpg possible, the difference Vios - Vg is chosen so that it is equal to OV.
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Fig. 4.23: The Vgg - Vg of the NMOS transistor vs. its width when being biased
with 10 nA

It can be seen in figure 4.23 that with width of 7pum the difference Vgs - Virg =
0V should be achieved.

The width of mn7 and mn8 must scale appropriately from 7 pm to 14 pm as the
current flowing through them is 20 pA.

Transistor mnd generates one Vg above ground to bias the NMOS current mirror
cascodes. Based on the sizing of the transistors in the NMOS current mirror the
dimensions for mnd are chosen. Thus, the length of 2pm and width of 10 pum is
chosen for the transistor mnd as the current of 51A is half of the current flowing
through the transistor mn0.

Transistors mn9 and mnl1 create the floating current source or the floating
current mirror. Currents flowing through each of these transistors are the same.
Thus, the dimension will also be the same. As these two transistors work as current
source and as dimensions for the NMOS current mirror, which also works as the
current source, have been set previously, the same initial dimensions are used for
mn9 and mnil1. It is length of 2 pm and width of 20 pm.

Transistors mnl2 and mnl13 are working as floating cascodes for transistors
mn9 and mnll. As dimensions for the NMOS transistors working as cascodes have
already been derived previously, the initial dimensions for mn12 and mnl13 are going
to be the same. It is the minimum length of 0.6 pm and width of 7 pm.

Transistors mp17, mp20 and mp21 are also working as floating current source
or floating current mirror. As dimensions for the PMOS transistor working as the
current mirror have already been derived the same dimensions will be used in case
of these 3 transistors. It is the length of 2 pum and width of 30 pm for mp17 and
mp21, and width of 60 pm for mp20 as the current flowing through this transistor
is two times higher than current flowing through mp17 and mp21.
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Transistors mp22, mp23 and mp24 work as cascodes for transistors mp17, mp20
and mp21. Dimensions for the PMOS transistors working as cascodes have already
been derived previously. Because of that, the same dimensions will be used for these
3 transistors. It is the minimum length of 0.5 pm and width of 40 pm for mp22 and
mp24 and 80 pm for mp23.

The initial dimensions of all transistors are summarized in table 4.1.

Tab. 4.1: Initial dimensions of all transistors in the proposed voltage follower

Transistor Width [pm] Length [pm] Transistor Width [pm| Length [pm]

mp0 200 0.5 mn0 20 2

mpl 200 0.5 mnl 80 2

mp?2 30 2 mn2 80 2

mp3 30 2 mn3 8 0.6
mp4 120 2 mn4 20 2

mpd 60 2 mnd 15 2

mp6 60 2 mn6 7 0.6
mp7 30 2 mn7 14 0.6
mp8 40 0.5 mng 14 0.6
mp9 15 2 mn9 20 2

mpl0 40 0.5 mnl0 7 0.6
mpll 15 2 mnll 20 2

mpl2 40 0.5 mnl2 7 0.6
mpl3 160 0.5 mnl3 7 0.6
mpl4 80 0.5 mno 80 0.6
mpld 80 0.5 — — —
mpl6 40 0.5 — — —
mpl7 30 2 — — —
mpl8 20 0.4 — — —
mpl9 20 0.5 — — —
mp20 60 2 — — —
mp21 30 2 — — —
mp22 40 0.5 — — —
mp23 80 0.5 — — —
mp24 40 0.5 — — —
mpo 400 0.5 — — —

It is necessary to bear in mind that dimensions in table 4.1 are only initial.

To get final dimensions of all transistors in the proposed voltage follower more
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simulations are necessary to perform. The optimization process is described in
following subsection 4.4.1.

Optimization of the voltage follower

The first condition that must be met is that all transistors must work in the satura-
tion region across all corners. Thus, the proposed voltage follower will be simulated

across following corners:

e« VDD: 4.75V, 5V and 5.25V,

o temperature: —40°C to 125°C,

o biasing current accuracy: 85 %, 100 % and 115 %,

e input voltage: 0.02V and 1.25V,

o process variation models: fnfpfrfc, fnfpsrsc, fnspnrnc, nominal, snfpnrnc, snspfrfc,

SNSPSIscC.

The overall number of corners given by the combinations of conditions summa-
rized above is 126.

To check whether particular transistor is working in saturation or not, the con-
dition given by equation 4.2 must apply.

VDS — VDSAT 2 60mV (42)

Also, to ensure that none of the transistors is working deep into weak inversion,

the condition given by equation 4.3 must be met.

VGS - VTH 2 —200mV (43)

Dimensions of all transistors will be edited to ensure that the conditions given
by equations 4.2 and 4.3 are being met across all corners.

After simulation of the voltage follower across all corners mentioned in the list
above, dimensions of several transistors were changed in order to meet the condi-
tions given by equations 4.2 and 4.3. The transistors that have been changed are

summarized in table 4.2.

Tab. 4.2: Dimensions changes in the voltage follower after the optimization

Transistor from width [pm] to width [pm| from length [pm] to length [pm]

mp9 15 3 2 2
mpll 15 3 2 2
mnd 15 2 2 2
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To understand the reason why the width of mp9 and mp11 had to be increased,

it is necessary to have a look at following equation 4.4.

VGSme = VGSmpll = VGSmplO + VDSmp2 (44)

It can be noticed in equation 4.4 that the Vg of transistors mp9 and mpi1
directly sets the Vpg of transistor mp2. It was observed in some corners of the
simulation that the Vpg of mp2 was too low and the transistors mp2 up to mp7 were
no longer in the saturation region and thus were not working as current sources. To
increase the Vpg of the transistors mp2 up to mp7 the Vgg of mp9 and mp11 had to
be increased. This was done by decreasing the width of mp9 and mp11 from 15pum
to 3 pm.

The very same issue was observed on the NMOS side.

As can be seen in equation 4.5, the Viag of mnd directly sets the Vpg of transistor
mn(0. It was observed in some corners of the simulation that the transistor mn0 was
not working in the saturation region as its Vps was too low. To increase the Vpg of
transistor mn0 the width of the transistor mnd was decreased from 15 um to 2 pm.
Such a change increased the Vgg of mnd and thus the Vpg of mn0.

After optimization, all transistors in the voltage follower meet the conditions
given by equations 4.2 and 4.3 except 2 of them.

The transistor mn0 does not meet the condition given by equation 4.2 in 50 %
of the corners mentioned in the list above. This issue was expected as one of the
corner sets the Viy of the proposed voltage follower to 0.02 V. If the voltage follower
works correctly, the input voltage gets directly to the output of the voltage follower

and thus equation 4.6 applies.

VDSmno = V]N = VOUT = 20 mV (46)

It is clear that the condition given by equation 4.2 cannot be met with the Vpg
of transistor mno equal to 0.02 V.

The second transistor that does not meet the condition given by equation 4.2 is
mpl15. The condition is not being met in 22 % of all corners and the minimum value
which this transistor meets is —18 mV. Even though the issue had been seen no
change was introduced. It is necessary to realize that this transistor is working as a
cascode and its only task is to make sure that the voltage on its source remains the
same regardless the voltage on its drain. The transistor mp15 is able to maintain
this function even in these 22 % where the condition given by equation 4.2 is not

being met.
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Design of the switch SW; and capacitor C;

The next step would be check stability of the voltage follower, but in order to do
that, capacitor C'; and switch STW; must be designed first so that the load of the
voltage follower F} is known.

In order to mitigate the leakage current from switch STW; and crosstalk from the

node in to the node out, architecture depicted in figure 4.24 is going to be designed

onDj_ OnDl

and used.

out

Fig. 4.24: Architecture of the switch in the sample and hold circuit

The transistors mn0 and mp0 create so called t-gate switch as well as the tran-
sistors mnl and mpl. The transistor mn2 is simple NMOS switch and its purpose is
to connect the middle node of the whole switch ST, to the ground when the switch
SW; is in open state in order to mitigate the crosstalk from node in to node out.

The leakage current going out of the switch SWj is the biggest contributor to the
error in this case as it charges the capacitor C; no matter the fact that the switch
SW; is open. Because of that, the dimensions of the devices inside of the switch
SW; are going to be designed in a way that will mitigate this undesirable current
as much as possible. Nevertheless, it is necessary to realize first that the sample
and hold circuit will be sampling voltage around 20mV or 1V as it was found out
in simulations. This means that the voltage at node out will be somewhere around
these values and thus, the Vzg voltage of transistor mp1 is going to be highly positive
which means that this transistor will be completely turned off and no current will
be able to flow between its drain and source. Due to this fact, the lowest length
possible is going to be chosen for the transistors mp0 and mpl and that is 0.5 pm.
On the other hand, the NMOS transistors mn0 and mni1 can have the Vg voltage
of —20mV which still does not mean that no current can flow between their drain
and source. Thus, based on figure 4.15, length of 0.8 pm is going to be chosen for
these devices in order to mitigate the leakage current from drain to source.

The widths of transistors mn0, mp0, mnl and mpl are going to be set so that

one t-gate switch has around 250 Q of on resistance r,, when being closed and also
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so that the charge injection of both devices is being mitigated by each other. In
order to find out the appropriate width of these transistors, the simulation has been

performed and the results are shown in figure 4.25.
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Fig. 4.25: The 7o, of the t-gate switches mn0 + mp0 and mni + mpl1 vs. Vin

In figure 4.25 can be seen the r,, of one t-gate switch that was achieved in the
worst case corner. This means that the switch SW; has the worst case r,, of 450 Q.

The final dimensions of all devices in the switch SW; are summarized in table
4.3.

Tab. 4.3: The final dimensions of devices in the switch SW;

transistor width [pm]| length [pm]

mn0,1 40 0.8
mp0,1 100 0.5
mn2 1 1

Another value to decide is the value of the sampling capacitor C in figure 4.11.
It is necessary to realize that the higher the value of the capacitor C] is, the lower
impact the leakage current of switch STW; has. On the other hand, capacitors
in general are very demanding with regards to area on the die. Because of that,
the value of 10 pF is set for the capacitor ;. This value was chosen as a good
compromise between the capacitor area on the chip and the ability to mitigate the
effect of the leakage current going out of the switch SW7.

Capacitor C together with on resistance 7., of switch SW; introduces time

constant that is given by following equation 4.7.

T = Tongy, C1 = 450 x 10 x 1072 = 4.5 ns (4.7)
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The fastest signal that can go through the AD7606C PGA is given by its f3gs
that is, in worst case, equal to 50 kHz. Based on that information, it can be assumed
that all signals up to 50 kHz must be settled within 100 ps. For these signals to be
settled with 18 bits precision, the time constant of the low pass filter that is given
by SW; and capacitor C7, must be lower than [4]:

_ 100ps
IRTYT
As it can be see in equation 4.8 the time constant of the proposed switch SW;

= 8pus > 4.5ns. (4.8)

and capacitor C is much lower than it should be. This means that signals up to
50kHz should be able to go through the low pass filter made of switch SW; and

capacitor C'; without any distortion.

Design of the switch SW,

The last circuit in figure 4.11 that needs to be designed is switch SW5. The purpose
of this switch is to provide connection from the output of the voltage follower F,
and the input of the lower range channel PGA. It is clear that the voltage Voyr
in figure 4.11 should be as close as possible to the voltage Voyr,, . Thus, the ro,
of switch SW5 should be as low as possible. Because of that, for the switch SW5
one half of the switch STW; will be used. This means that in worst case scenario the
switch SW5 should have the 7y, of 225 () as it can be see in figure 4.25.

Stability of the voltage followers F; and F;

As loads for both voltage followers are known in this part of this thesis it is possible to
analyse stability. It can be seen in figure 4.12 that for compensation of the feedback
loop, capacitors C; and C5 are being used. To decide value of these capacitors,
multiple simulations, showing the phase and gain response of the open feedback
loop, are going to be run across all corners that were mentioned in the list above.
The goal is to get minimum of 50° of the phase margin in the worst case scenario.

It was found out that with the capacitors C; and C5 equal to 1.38 pF the mini-
mum phase margin in worst case scenario is 50°.

All results obtained during the frequency simulation can be observed in figure
C.4.

4.4.2 Changes in the internal logic block

As two new signals are necessary to drive the previously designed sample and hold
circuit, few changes were also made to the internal logic block. The behavioural

model of this block can be seen in listing B.5.
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4.4.3 Implementation of the proposed sample and hold circuit

As the sample and hold circuit has been designed, the same simulations, as in
sections 4.3 and 4.2, are going to be run to find out the potential performance of

this proposed option. The results obtained are shown in figure 4.26.
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Fig. 4.26: The transient analysis of the lower range channel while using the sample
and hold circuit

As can be seen in figure 4.26, once the Vjy is outside of the lower range channel
range, that is in this case +1.25 V, the voltage V;p in the core of the PGA gets sam-
pled and then holds on this sampled value until the Viy is back in the range. Thanks
to this process, the non-linearity of the Iyy, current is mitigated to minimum. To see
the final TTH D performance of this mitigation technique, the transient simulation
with different values of the Rpxt has been performed and the results obtained are

shown in figure 4.27.
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Fig. 4.27: The T HD performance of the channel merging versus the RgxT with the

sample and hold circuit

It can be seen in figure 4.27 that connecting the input of the PGA core to
the sampled value of the virtual ground makes the merging of +10V and +1.25V
channels immune to the value of the Rgxt. It can also be noticed that with this
technique higher T'H D values are achieved for higher input frequencies in comparison
with the previously proposed techniques as it can be seen in figures 4.9 and 4.6, where
the THD is equal to 50dB for the input frequency equal to 2000 Hz. This makes

this technique more attractive in terms of performance than the other techniques.

4.5 Summary of proposed options

Three options to mitigate the Inr,, which is undesirable phenomenon when merging
2 channels with different ranges, were proposed, designed and simulated. As can be
seen in figures 4.6, 4.9 and 4.27, all 3 options were able to mitigate the effect of the
Ing, to absolute minimum.

The first technique uses switching of gain GG of the lower range channel based
on the value of the Vin. This technique only requires changes in the internal logic
block in comparison with the currently implemented solution on silicon so it is very
convenient in terms of implementation. On the other hand, this technique can not
be used for merging the +£10V channel and the £1.25V channel as there is no
way how to simply switch from the £1.25V range to the £10V range. This fact
makes this technique unattractive for solutions where the high DR performance is
desirable.
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The second technique only connects the inputs of the PGA core to the ground
when the Viy is outside of the lower range channel range. This technique requires
changes in the internal logic block as well as implementation of 2 switches in the
analog circuitry. This makes it a bit more complicated for implementation than the
first option. The big advantage in comparison with option 1 is that it can be used
for merging the £10V and £1.25V channels. This makes this technique highly
attractive for solutions where the high DR performance is key requirement.

The third and last technique connects the inputs of the PGA core to the sampled
value of the virtual ground. It requires the sample and hold circuit as well as
changes in the internal logic block. This makes this technique highly unattractive in
terms of implementation. On the other hand, with this technique the highest T'H D
performance has been achieved for higher input frequencies as can be seen in table
4.4.

Tab. 4.4: The TH D performance summary of proposed options to mitigate the Iny,

fix [Hz] THD [dB]
option 1 option 2 option 3
100 95.2 100.5 102.5
300 87.3 93.6 90.4
500 80.7 89.0 85.1
1000 63.3 65.4 82.7
2000 49.8 50.2 76.5

It is not clear from the summary what option would be the best to choose as it
is highly dependent on key requirement. If the key requirement is minimum changes
to the silicon, then option 1 or option 2 would be appropriate. Nevertheless, if the
key requirement is high DR and high T'H D performance, then the option 3 should

be the one to choose.
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Conclusion

The thesis aimed to evaluate channel merging technique currently implemented on
the Analog Devices part AD7606C and then propose, design and simulate options
to increase the dynamic range performance of this channel merging technique and
finally propose and analyze options to mitigate the non-linear current going out of
the lower range channel when it gets saturated.

In section 2.1 it was discovered that the currently implemented channel merging
technique can achieve 115dB of dynamic range with the oversampling ratio equal to
256. Also, later in section 2.3 different sources of error and their impact on the TH D
performance have been presented. It was discovered that the TTH D performance
decreases rapidly with increasing value of the external resistor RgxT as can be seen
in figure 2.14. This phenomenon makes this technique unattractive for customers
as they want to use the external resistor as a part of the anti-aliasing filter. Thus,
chapter 4 is trying to propose options to mitigate this phenomenon.

In chapter 3 three options to improve the currently implemented channel merging
technique were proposed, designed and simulated. As can be seen in the summary in
section 3.4, the best dynamic range performance of 118.6 dB has been achieved with
the oversampling ratio equal to 256 with option 3. This option combines decreasing
the original cutoff frequency f3qg to half together with decreasing the range of the
lower range channel from +£2.5V to +1.25V.

As it was mentioned, the non-linear current going out of the lower range channel
is causing the T H D performance degradation in the AD7606C. Thus, in chapter 4,
three options to mitigate this issue were proposed, designed and simulated. It was
discovered that all three options can make the presented channel merging technique
immune to the value of the external resistor Rgxrt as the non-linearity of the current
was mitigated to a minimum. Nevertheless, option 1 turned out to be inappropriate
as it cannot be used with the £1.25V range. On the other hand, option 2, which
is disconnecting the lower range channel from the signal chain, requires minimal
changes to the current silicon and can work with the +1.25V range. This makes
option 2 highly attractive. However, the best T'"H D performance has been achieved
with option 3, but as it requires a lot of additional circuitry to the existing die, it is

probably not going to be used in the AD7606C next generic.
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List of symbols, physical constants and abbre-

viations

MOS Metal-oxide-semiconductor

PMOS P-type metal-oxide-semiconductor
NMOS N-type metal-oxide-semiconductor
PTAT Proportional to absolute temperature
ZTAT Variable independent of temperature
PGA Programmable Gain Amplifier

ADC Analog to Digital Converter

RMS Root Mean Square

LSB Least Significant Bit

DR dynamic range

DRgxr extra dynamic range

SNR signal-to-noise ratio

G gain

PM phase margin

GM gain margin

UGF unity gain frequency

THD total harmonic distortion

NRMS RMS noise

OSR oversampling ratio

To output impedance

Ton on resistance

Ipp current consumption

Rin input resistor

Rpp feedback resistor

RexT external resistor

Crn feedback capacitor

Vbp power supply voltage

Vas gate-to-source voltage of MOS transistor
Vra threshold voltage of MOS transistor
Vbs drain-to-source voltage of MOS transistor
VbsaAT minimum Vpg required to maintain MOS transistor in saturation
Vin input voltage
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VER error voltage

Vor offset voltage

VoFdrift offset voltage temperature drift
fin frequency of input signal

fs sampling frequency

fs1 internal sampling frequency
f3aB cutoff frequency

VREF reference voltage

vV temperature [°C|

Int, non-linear current

qgm transconductance

Ig leakage current of MOS transistor
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A Sample and hold circuit schematics

A.1 Sample and hold circuit top-level view
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Fig. A.1: Top-level view of sample and hold circuit
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A.2 Voltage follower
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A.3 Switch

Fig. A.3: Schematic of switch in the sample and hold circuit
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B Behavioural models of the internal logic
block

Listing B.1: Behavioural model of the internal logic block merging the 10V and
the +2.5V channels.

MODEL dyn_logic_2p5_to_10v_no_midgains_rs {
UMInLogicArray in_10v(size=18), in_2p5v(size=18);
UMOutLogicArray out;

UMOutLogic range_2pb5v, range_5v, range_10v;
UMOutLogic use_2pb_range;

UMParmInt margin(def=50);

UMParmInt num_conv_settle (def=4);

int count; };

INITIALIZE {
in_10v.signedInteger ();
in_2pbv.signedInteger ();
count = 0; %

SIMULATE {

if ( in_10v > -32768 && in_10v < 32768 ) {
count += 1;
range_2pbv = 1;
range_5v = 0;
range_10v = 0; }

else if ((in_10v < -32768) || (in_10v > 32768) ) {
count = 0;
range_2pb5v = 0;
range_5v = 0;
range_10v = 1; }

if (count > num_conv_settle) {
out = in_2pbv;
use_2p5_range = 1; 1}

else {

out = in_10v<<2;

use_2p5_range = 0; }}
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Listing B.2: Behavioral model of the internal logic block merging the £10V and the
+1.25V channels.

MODEL dyn_logic_1p25_to_10v_no_midgains_rs {
UMInLogicArray in_10v(size=18), in_1p25v(size=18);
UMOutLogicArray out;

UMOutLogic range_1p25v, range_bv, range_10v;
UMOutLogic use_1p25_range;

UMParmInt margin(def=50);

UMParmInt num_conv_settle (def=4);

int count;};

INITIALIZE {
in_10v.signedInteger ();
in_1p256v.signedInteger ();
count = 0;}

SIMULATE {

if ( in_10v > -16384 && in_10v < 16384 ) A
count += 1;
range_1p25v = 1;
range_5v = 0;
range_10v = 0;}
else if ((in_10v < -16384) || (in_10v > 16384) ) {
count = 0;
range_1p25v = O0;
range_5v = 0;
range_10v = 1;}
if (count > num_conv_settle) {

out = in_1p25v;

use_1p25_range = 1;}
else A

out = in_10v<<3;

use_1p25_range = 0;1}}
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Listing B.3: Behavioral model of the internal logic block merging the £10V and the
+2.5V channels with gain switching algorithm.

MODEL dyn_logic_2p5_to_10v_midgains_rs {
UMInLogicArray in_10v(size=18), in_2p5v(size=18);
UMOutLogicArray out;

UMOutLogicArray gain_sel;

UMOutLogic range_2pb5v, range_5v, range_10v;
UMOutLogic use_2pb_range;

UMParmInt margin(def=50);

UMParmInt num_conv_settle (def=4);

int count;
int gain_sel_selected; 1I};
INITIALIZE {
in_10v.signedInteger ();
in_2pbv.signedInteger ();
count = 0; }
SIMULATE {
if ( in_10v > -32768 && in_10v < 32768 ) {

count += 1;
range_2pbv = 1;
range_5v = 0;
range_10v = O0;

gain_sel = 0; }

else if ((in_10v < -32768 && in_10v > -65536)

(in_10v > 32768 && in_10v < 65536) ) {
count = 0;
range_2pb5v = 0;
range_5v = 1;
range_10v = O0;

gain_sel = 1;}

else {

count = 0;
range_2pb5v = 0;
range_5v = 0;
range_10v = 1;

gain_sel = 3; }

if (count > num_conv_settle) {

out = in_2pbv;
use_2p5_range = 1; 1}
else A

out = in_10v<<2;

use_2p5_range = 0; }}
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Listing B.4: Behavioral model of the internal logic block merging the £10V and the
+1.25V channels with disconnecting algorithm.

MODEL dyn_logic_1p25_to_10v_no_midgains_rs {
UMInLogicArray in_10v(size=18), in_1p25v(size=18);
UMOutLogicArray out;

UMOutLogic range_1p25v, range_bv, range_10v;
UMOutLogic use_1p25_range;

UMParmInt margin(def=50);

UMParmInt num_conv_settle (def=4);

int count;};

INITIALIZE {
in_10v.signedInteger ();
in_1p256v.signedInteger ();
count = 0; %

SIMULATE {

if ( in_10v > -16384 && in_10v < 16384 ) A
count += 1;
range_1p25v = 1;
range_5v = 0;
range_10v = 0;}
else if ((in_10v < -16384) || (in_10v > 16384) ) {
count = 0;
range_1p25v = O0;
range_5v = 0;
range_10v = 1; }
if (count > num_conv_settle) {

out = in_1p25v;

use_1p25_range = 1; 1}
else A

out = in_10v<<3;

use_1p25_range = 0; 1}}
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Listing B.5: Behavioral model of the internal logic block merging the £10V and the

+1.25V channels handling sampling and connecting of virtual ground.

MODEL dyn_logic_1p25_to_10v_no_midgains_rs_sh {
UMInLogicArray in_10v(size=18), in_1p25v(size=18);
UMOutLogicArray out;

UMOutLogic range_1p25v, range_bv, range_10v;
UMOutLogic use_1p25_range;

UMOutLogic sample;

UMOutLogic connect_vr_gnd;

UMParmInt margin(def=50);

UMParmInt num_conv_settle (def=4);

int count; };

INITIALIZE {
in_10v.signedInteger ();
in_1p256v.signedInteger ();
count = 0;}

SIMULATE {

if ( in_10v > -16384 && in_10v < 16384 ) A
count += 1;
range_1p25v = 1;
range_5v = 0;

range_10v = O0;

sample = 1;
connect_vr_gnd = 0; }

else if ((in_10v < -16384) || (in_10v > 16384) ) {
count = 0;

range_1p25v = O0;

range_5v = 0;
range_10v = 1;
connect_vr_gnd = 1;

sample = 0; }
if (count > num_conv_settle) {

out = in_1p25v;

use_1p25_range = 1;}
else {

out = in_10v<<3;

use_1p25_range = 0;1}}
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C The simulation results of the voltage fol-

lower

C.1 The performance summary

Tab. C.1: Basic parameters of the voltage follower

Parameter Symbol Min. Typ. Max. Unit
Power supply Vbp 4.75 5.00 5.25 \Y%
Temperature range 0 —55 135 °C
Current consumption Inp 400 250 120 nA
Input range Vin 0 4 \Y%
DC Gain G 401 102 110 dB
Phase margin PM 49 66 78 °
Gain margin GM 14 19 23 dB
Unity gain frequency UGF 1.971  16.88 26.61 MHz
RMS noise NRMS 51 78 132 nv
Offset at 25°C Vor —38 37 100 nv
Offset temperature drift  Voparis —0.70 0.74 pvect

! Value is for the Viy = 20mV. This means that the output NMOS
transistor is out of saturation region and thus the overall gain G decreases.
This behaviour is expected.
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C.2 Temperature sweep

Tab. C.2: Corners for temperature sweep

Parameter Symbol Units Values

Power supply Vbp V] 4.75, 5 and 5.25
Input voltage VIN V] 0.02 and 1.25
Bias current accuracy (%] 85, 100 and 115

fnfpfrfc, fnfpsrsc, fnspnrne, nominal,

Models
snfpnrnc, snspfrfc, snspsrsc
Offset vs temperature v Offset drift vs temperature 9
225 o 150 —
= 150 =
A [ T
é T -=::::_“‘~\\ 0 %
£ O oo ‘ - —50 %
—_75 | CTTe-ll < o=
75 < —100 §
—150 150

Temperature ¥ [°C]

~55—25 0 25 50 75100 135 —55—25 0 25 50 75100 135

Temperature ¥ [°C]

Fig. C.1: Offset and offset drift of the voltage follower versus temperature

Current consumption vs temperature v

=25 0

50 75

Temperature ¢ [°C]

Fig. C.2: Current consumption of the voltage follower versus temperature
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C.3

Input voltage sweep

Tab. C.3: Corners for input voltage sweep

Parameter Symbol Units Values
Power supply Vbp V] 4.75, 5 and 5.25
Bias current accuracy (%] 85, 100 and 115
Temperature vV [°C] =55, 27 and 135
fnfpfrfc, fnfpsrsc, fnspnrne, nominal,
Models

snfpnrnc, snspfrfc, snspsrsc

Output voltage vs Vin

Integral non-linearity vs Vin

6 I e === = 0 —
. —— Best case '.I . E
Z. D [|— Worst case 1 y 4 —0. -
24 1t 4 |-05 %
= | P g
o [ _ | 1 // N :
z ; ; 0.75 =
5 2f - 7': /// 4 =1 ﬁ
S 1 1195 &
@) —1. 4?30
0 ‘ ey ~15 =
0 1 2 3 4 5 6 0 025 05 075 1 1.25
Vin [V] Vin [V]

Fig. C.3: Integral non-linearity and the output voltage of the voltage follower versus

the VIN
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C.4 Frequency sweep

Tab. C.4: Corners for frequency sweep

Parameter Symbol Units Values

Power supply Vbp V] 4.75, 5 and 5.25
Input voltage ViN V] 0.02 and 1.25
Bias current accuracy (%] 85, 100 and 115
Temperature vV [°C] =55, 27 and 135
Output capacitor C pF] 10

fnfpfrfc, fnfpsrsc, fnspnrne, nominal,

Models
snfpnrnc, snspfrfc, snspsrsc
Gain vs frequency Phase vs frequency
120 —— ‘ e 0
100 -0y R {—45
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Fig. C.4: Gain and phase response of the voltage follower
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Fig. C.5: Noise performance of the voltage follower
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D

D.1

Simulation results of switch

Input voltage sweep

Tab. D.1: Corners for the Vin sweep

Parameter Symbol Units Values
Power supply Vpp V] 4.75, 5 and 5.25
Temperature o [°C]  —55, 27 and 135

fnfpfric, fnfpsrsc, fnspnrnc, nominal,
Models
snfpnrnc, snspfrfc, snspsrsc

On resistance vs input voltage

250 ‘ ‘

225 e \

200 |- / R |
175 X .
150 g %
125 -
100 k-~
75 ; :
50 . =
25 F---

Ton [Q]

Fig. D.1: On resistance r,, of switch versus the Vix
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