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Abstract

An integrated on-chip lock-in amplifier has been developed for fluorescent light
detection for biologicd applications. The sysem includes 21 nm x 21 mm tiny chip
using a photodiode trangmpedance amplifier topology for the pre-amp, followed by gan
amplifier, demodulator and filtering stages. Synchronous demodulator or phase sendtive
detector stage has two different architectures to demondrate the difference between the
results. The recommended transmitting light frequency is between 0.5 kHz to 5 kHz. We

used 1 kHz frequency for the test.
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Chapter 1

General Consider ations

1.1 Fluorescent Light Detection

When the light travels through an object severd things can happen to the light. If
the light strikes an object and bounces back, reflection has occurred. Transmission takes a
place when the light cannot be affected by an object and can pass throughout it. In
refraction, the light passes from one medium to another of different densty. Absorption
has occurred when the object takes up these light photons (figure 1.1.1). If these absorbed
light photons are changed into longer wavelengths and reemitted, luminescence tekes
place. If it happens only during the time when light photons are driking an object,
fluorescence occurred [31], [32], [47]. In other words, when a molecule absorbs a photon,
one of its eectrons is energized or excited. The dectron may return to its lowest possble
energy levd. If this happens, its energy is disspated as heat or as light of a longer
waveength than the wavelength of the absorbed light. This emisson of light is cdled
fluorescence. As an andyticd technique (expose materid to ligt and look at
fluorescence with a detector), fluorescence light detection is gpplied to identify molecules

[46].
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Figure 1.1.1 Several interactions of light photons when it strikes an object

Identifying molecules is very important in biotechnology. Radioactive labds are
sometimes used aong with radiation detectors. Fluorescence light detection has been
used as an dterndaive to radioactive detection methods. A variety of sensng schemes
have been developed for detection, such as dectrochemica, optical absorption, and
interferomic  senang.  However, fluorescence sengng remans the most widdy used
methodology in  biotechnology. Huorescence detection offers  exquidte sengtivity,
compatibility, easy quantization, stability and low costs [35].

Traditiond bio-fluorescence readers use bulky and discrete eements, which are
expendve and require large equipment and precise dignment. The advantages of
integrated biologicd andyss sysems are compromised when these sysems rey upon
lage and fragile opticd sendang equipment. Integrated on-chip sensng architectures
make these systems portable, robust, and practical. The integrated circuit contains the
devices and circuits for detection of the opticd sgnd and for recovery of this Sgnd from

the noise.



1.2. Lock-in Detection

Sgnd recovery ingruments will dways be in demand as long as experiments
attempt to measure week sgnas. For increasing the signa to noise ratio of a noisy sgnd,
the most useful experimental technique is lock-in amplifier detection or phase sendtive
detection. The lock-in amplifier detection’'s man bads is compressng dl the sgnd
information into a very narow bandwidth (Df) and amplify only frequencies in this
bandwidth, and rgecting dl noise outsde Df [1]. It redly depends on knowing sgnd
frequency and phase or having narrow-band sgnd information. Very amdl dgnds can
be detected in the presence of large amounts of uncorrelated noise when the frequency
and phase of desred sgnd ae known. Lock-in detector is basicdly a synchronous
demodulator followed by a low-pass filter. It amplifies only the component of the input
ggnd a the reference sgnd frequency, and filters out al other frequencies. Commercid
lock-in amplifiers are very codly, large in dimenson, heavy and absolutely not suitable
for portable ingrumentation. Thus, integrated lock-in amplifiers can provide severd

benefits compared to commercia lock-in amplifiers[3].

1.3 Noise

Any unwanted digurbance tha comes with a dgnd of interes is genedly
referred to as noise [9]. Random noise finds its way into experiments in a variety of ways.
Good experimental design can reduce these noise sources and improve the measurement
dability and accuracy. There are a variety of noise sources, which are present in dl

electronic Sgnds.



Interference noise is picked up from the outsde world. Interference noise is
caused by unwanted interaction between the circuit and outsde, or even between
different parts of the drcuit itsdf. This interaction can be dectric, magnetic,
electromagnetic etc. Interference noise can be periodic or completely random.

Trangmitted noise is inherent in the received Sgnd. Inherent noise is random in
nature and is due to random phenomena, such as the thermd agitaion of eectrons in
ressgors and the random generation and recombination of dectron-hole pars in
semiconductors. Device noise is generated within the devices, which are used in the
gysems (pre-amps, resdors, etc). Resgors and semiconductor junctions generate
random noise.

Severd noise types such as therma noise, shot noise, flicker noise etc. may be
observed in a semiconductor circuit. As shown in figure 1.3.1, a low frequencies flicker
noie is dominant while a higher frequencies thema and shot noises are dominant

factors[10].

. 1000 1 |
i Flicker and
E 100 1 ?El';i::mse -Johson and —
= shu_t noize
Ay 12 Tegion
= o “\
@ RS e G
ne White noise level ™.
= 14 :
1 100 10000 1000000

Frequency (Hz)

Figure 1.3.1 Noise spectral density plot



1.3.1 Johnson noise (Thermal noise)

Every ressor generates a noise voltage across its terminads due to thermd
interaction between the free dectrons. Ressiors and the resstance within dl dectronic
devices are condantly producing noise voltages, whose average power in a given

bandwidth depends on temperature [13], [14]. This noise voltage is expressed as,

Vioise(rms) = (4KTRDF)Y? (1.1)

where k = Boltzmann’s constant (1.38x10% J / °K), T is the temperature in Kdvin, R is
the resstance generating the noise in ohms and Df is the bandwidth of the measurement

in Hz [7]. At room temperature 4kT = 1.66 x 10%° V-C.

1.3.2 Shot noise

Shot noise is introduced by cariers in the p-n junction of semiconductors. An
eectric current has noise due to the nonuniformity of the chage cariers in
semiconductors.  The distances traveled by the charge carriers vary because of random
paths of motion. The rms current variaion in a given bandwidth is a function of the dc

current through the junction [13], [14]. The shot noiseis given by

Inoise(rms) = (2q1Df)¥2 (1.2)

where q is the dectron charge, 1.6x10™"° coulomb, | is the rms ac current or dc current

depending upon the circuit, and Df is the bandwidth [7].



1.3.3 1/f noise (Flicker noise)

Flicker noise effect occurs a low frequencies. It is inversdy proportiona to
frequency and directly proportiond to temperature. This is a type of noise found in al
active devices. The origins of flicker noise are varied, but the noise occurs mainly due to
random fluctuations in the amount of surface recombinaion [13], [14]. Hicker noise is
aways associated with a flow of direct current and displays a spectra dengty of the

form,

[ 1.3
Inoise(rms) :(KFDf)llz ( )
where K is a congtant for a particular device, a is a congant in the range 0.5to 2, bisa
congtant of about unity, and Df isasmall bandwidth at frequency f [7].

Snce flicker noise is inggnificant compared to white noise in high frequencies,

we can diminate this noise effect by using the lock-in amplifier a high frequencies

1.3.4 White noise

A uniform gspectrd dendty charecterizes white noise [7]. Since white light
condgts of dl vishle frequencies in equa amounts, white noise is cdled by andogy with
white light. It is independent of frequency [13]. White noise is present in al resstors and
in semiconductor junctions. White noise, which appears in a resdor, is cdled thema

noise, and is caled shot noise when it gppears in semiconductor [14].



1.3.5 Total noise

All of these noise sources are incoherent. The tota random noise is the square
root of the sum of the squares of al the incoherent noise sources. Noise exigts in dl parts

of the frequency spectrum; the noise contribution of aresstor or amplifier varies.

1.3.6 Signal to Noiseratio (SNR) and Noise Figure (NF)

Successfully detected and measured sgna’s qudity is limited by the presence of
noise and it is specified by means of the sgnd-to-noise ratio (SNR). In other way, SNR
is the ratio of sgna power to noise power in the output of the circuit. SNR can be

expressed mathematicaly as

NR = (Sgnal Power) / (Noise Power) = Ps/ Py. (1.9)

It is often expressed in dB form as

N\R = 10log (Ps/ Py ), (1.5)

where P isthermsvdue of thesgnd, and P, isthat of its noise component, of course,

P=V?/R or P=I°R. (1.6)

The poorer the SNR, the more difficult it is to rescue the ussful sgnd from noise

To exactly specify how noisy the deviceisin decibels moise figure ( NF ) isusudly used.

NF = 10log[(S/Ni)/(So/No)] = 10log (NR), 1.7)



where ( §/ N ) is the sgnd to noise power ratio at the devicesinput and ( S/ Ny ) isthe
signd to noise power ratio a its output. Theterm (S / N ) / ( S/ No )] iscaled the
noiseratio (NR) [7].

Sgna-to-noise ratio becomes better by using larger time condants in lock-in
amplifier gpplications. If the noise is only white noise, the lock-in amplifier does not

perform better than alow passfilter.

1.3.7 Minimum Detectable Signal (MDYS)

Minimum detectable Sgnd can be defined asthe sgnd for which SNR= 1[7].
So, for a dircuit such as an amplifier with known Von (rms output noise), the minimum

detectable sgnd would be

Snin = Von / Ga] n. (18)

The minimum detectable 9gnd can be written as a function of the quantum
efficiency, the leskage current, the noise of the photo detector and the noise and filtering
characterigtics of the sgnd recovery circuit. When the dark current of the photodiode is

zero, MDS s given by,

MDS = L [A%o! s

(1.9)
qh TI NT

where q is the electron charge (1.6 x 10™*° coulomb), App is the area of the photodiode,
Tint is the period of the sgnd, and |s is the photodiode reverse bias current. For

minimizing the MDS, h and Tyt must be maximized while for maximizing the MDS, Is

8



and App must be minimized. Smal photodiode area provides a poor light collection

efficiency, S0 9gnd process may be optimized by minimizing the 1s[29].

1.4 L ock-in Architecture

In the lock-in architecture, an input signd (embedded in noise) is amplified and
rectified by a reference 9gnd (it has same frequency with the input sgnd). A low-pass
filter with a low cut-off frequency reduces the last noise harmonics. In this manner, the
output of the filter is a voltage proportiond to the amplitude of the input sgnd, while the
noiseis reduced by the synchronous demodulation operation (figure 1.4.1).

The input stage conssts of a pre-amplifier and a gain dage. They pre-process the
input 9gnd buried in noise by amplifying it to a suitable level for the demodulator. They

adso increase the signd at the desired levd.

Input Channel

Vin

v

Demndulatul®—‘ LFF —»

I |

Yref

Reference Channel

Figure 1.4.1 Block diagram of the lock-in amplifier



The reference channd provides the reference signa to be multiplied or phase
shifted with the sgnd. A signa generator or a phase locked loop (PLL) can be wsed as a
reference channdl.

The demodulaor is a full wave rectifier, which rectifies the input sgnd by using
the reference dgnd. When the input dgnd and the reference sgnd have the same
frequency, the demodulator output has a DC component proportiond to the input sgnd
amplitude and the cosne of the phase difference between the signads The phase
difference between the input dgnd and the reference can be brought to zero. The
adjusment of the phase of the reference sgnd is done using a reference channdl.

Noise will dill be present & the output of the demodulator because of the
presence of harmonics. For this reason, a low-pass filter has to be added to the output of
the demodulator. A low-pass filter characterized by a low cut-off frequency is necessary
to reduce the noise superimposed on the DC sgnd. Thus the lock-in amplifier can

improve the SNR.

1.5 Scope of Thesis

This thesis presents both theoreticd study and experimental verification of lock-in
amplifiers for fluorescent light detection for biological applications. Amplifiers were
implemented on the same subgtrate with the photo detector by usng AMI 1.5 mm CMOS
technology.

This thess is divided five chapters. The first chapter introduces the lock-in

amplifier. Chapter 2 is an overview of the mathematicd theory of lock-in sysems The
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third chapter describes the design of each building block, which is used in this work.
Some critical issues are adso addressed. Chapter 4 presents the test procedure and

experimentd  results obtained for the prototype. Chapter 5 provides a summary and

recommendations for future work.

11



Chapter 2

L ock-In Amplifier Theory

A lock-in amplifier is respondve to the amplitude of a sgnd but is dso sendtive
to the phase difference between an input Sgnd and a reference sgnd. Phase sendtive
detector or lock-in amplifier based sysems can therefore be devised to measure
variations in both the amplitude and phase of periodic Sgnds in the presence of noise and
interference. The treatment of lock-in amplifier response is unavoidably mathematica
and one needs to know some basic transform methods.

We will focus on the use of lock-in amplifiers for the sgnd recovery problem and
our objective will be to examine the generd characteridics of sgnds and noise. Although
the fird gep in 9gnd recovery is the dimination of unwanted noise by filtering, sgnds
and noise cannot be separated adequately by only filtering. A lock-in amplifier adds an
additiona step of demodulation.

Demodulators for sgna recovery are supplied with a reference sgnd, which is
precisely synchronized with the signd of interest. In generd terms, operation depends on
the high degree of corrdation, which is known to exis between a periodic sgnd of

interest and areference signal.

12



In our experiment, measuring ingrument has severd noise sources, including
flicker noise a low frequencies, dark current associated noise, and vaiations in light
lesking into the instrument and reaching the photodiode from other sources.

If we show didribution of noise and sgnd power as shown in figure 2.1, we can
say that the sgnd of interest is very smdl compare to the noise. The insrument becomes
unusable with this result. Y-axis is in units of power per unit bandwidth in this figure,
hence, the area under the corresponding curves represents the signa powers and the total

noise.

Power

pér unit
(4 Iy,
Hoise

Fignal

Frequency

Fig 2.1 Representation of the signal buried in noise
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Figure 2.2 Representation of the LPF effect to the noisy signal

As shown in figure 2.2, a low pass filter can diminate dl noise Sgnds beyond  cut-
off frequency, but Hill the noise is quite larger than the sgnd. It cannot give us any
satisfactory sgnd to noise raio. What we redly need to do is to measure this Sgnd far
from the flicker noise effects, where white noise is dominant. We can move the signd
away from a region where the background noise is high to a region where it is low usng
the synchronous demodulator a high frequencies (figure 2.3). In this case lower
bandwidth gives better sgnd-to-noise ratio. The last stage of the lock-in amplifiers is the
low pass filter, which diminaes the last harmonics of the sgnd beyond its cut-off

frequency.
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Figure 2.3 Representation of the synchronous demodulator effect to the noisy signal

2.1 L ock-in Experiment

The principd building blocks of the lock-in amplifier for fluorescent light
detection are the excitation and the detection dates. In the excitaion date, light excites
the fluorescence of biologicd materids The detection date is built by severd amplifier
blocks and is followed demodulator and low passfilter.

The main approach to excite and detect the fluorescence is to send the input signd
to the excitation Sate a the same frequency and phase with the reference sgnd into the
demodulator. Usng the same dgnd generator for both signds will be our main design
implementation. In this case, excitation and detection dates together are cdled sgnd
channd. The ggnd channd of the lock-in amplifier contans an nwel/p-substrate
photodiode, a wide band preamplifier, x100 voltage gain amplifier, demodulator and low

pass filter. Reference channe is totdly independent and it sends its signd to both LED

15



and demodulator at the same time. Therefore, both the reference and the input signd
frequencies are the same while the phase difference is zero.

We will use the photo-detector circuit to test the noise rgection of our lock-in
amplifier. The sgnd of interest will be a train of light pulses from an LED. We want the
lock-in amplifier to detect the rms voltage from the photo-detector that is due to the LED
and to rgect everything dse. A tet circuit for noise rgection of lock-in amplifier is

showninfigure2.1.1.

Excitation State

=
Bidlogical Ohbject
Detection State
: _ "‘-"rsignal
—m| LightSowrce | — o | —§ [ - —p | Photodiode and |
Amplifiers
Fluotescenice
Demodulator LFF
Fy
Signal Grenerator
Vreference

Figure 2.1.1. Test implementation of the lock-in amplifier
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If we show both Vggna and Vieference @ Sinusoidd signals for smplicity, the input

sgnals of the demodulator can be represented as follows,

Vsg(t) = VsCos(vst+ ) (2.1

Vref(t) = Vref COS (V reft + J ref). (22)

Output of the demodulator is equd to

Vdemod_out = Vie(t) * [ Vsig(t) + Vhoise(t) ] (23

Vdemod_out= Vie(t) Vsig(t) + Vier(t) Vioise(t). (24)

Since thereis no correlation between the Vi and Vigise [1], the average product of

Vref(t) * Vnoise(t) = O, then, (25)
Vdemod_out = Vref(t) Vs'g(t) (2.6)
Vdemod_out = Vs Viet Cos (V st+ ] s) COS(V ref U+ ] ref)- (2-7)

Trigonometric equivaert of the expression (2.7) is

Vdemod_out= Vs Vret (2 [COS (V st-V ref t+] 5] ref )+ COS(V st+V ref t4] s+ ren] - (2.8)

If vV g (Samefrequency dueto same source), then the demodulator output is equd to

Vdemod_out = (1/2) Vs Vit [ COS(j s-] ref) + CosS(2vst+ [ s+ ] rer) ] (2.9)

17



Thelow passfilter diminates the cut-off frequency components:

Cos(2vst+ js+]re)=0, (2.10)

Hence, the low passfilter output is

Vipf_out = (V2) VsViet [ Cos(j s-j rer) ] (211)

j s= ] re (same phase due to same source), hence,

Cos(j s-j rer) = CosO= 1. (2.12)

The low pass filter output is equd to hdf of multiplied amplitudes of the input sgnd

(Vsg(t)) and the reference signal (Vrer(t)) putting (2.12) in (2.11):

Vi pf_out = (V2) VsVie . (2.13)

To find exact input signd to the demodulator, we need to include the gain dage

specifications,

V| pf_out = ( 1/2 ) VS Vref * AV (214)
or

Vs = [2 * (V| pf_out)] / [Vref * AV] . (215)

The pre amplifier characteridtics are dso important since we are interested in finding the

photodetector input current, therefore,

ls= Vs/ Rye and (2.16)
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Is=[2* (Vipt_ow)] / [Viet* AV* Ryre] (2.17)

where, Is is the input current of the photodiode in amps, \s is the amplitude of the input
sgnd after the pre-amplifier stage in volts, and Ryre IS the feedback resistor of the pre-
amplifier sagein ohms. They are represented in figures 2.1.1 and 2.1.2.

Lock-in amplifiersas agenerd rule display theinput Sgnd in volts (rms) [22].

é1’ u
V(rms):eTEOISZS'nZWtdtu =—S= = 0.707V, (2.18)
él o

Vg =V (rms)*+/2 (2.19)

where Vs is the amplitude of the input sgnd. When the lock-in amplifier displays a
magnitude of 1 V (rms), the component of the input Sgnal a the reference frequency is

1.41V amplitude or 2.82 V peak to peak.

- Gain Stage
Pre Amplifier e = 100
R pre RZ
i
2 hd
= Vi
I= “:]
¥ F Voain out
£ 5 2 gain_
fi
3l —
i
e S il
PHOTODIODE

Figure 2.1.2 Representation of the preamplifier and the gain circuit
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2.2 Mathematical Expressions

For more detailed explanation, we need to find Fourier expresson of a square
wave dgnd in this section. Fourier andyss basicdly says tha any function can be
written as a sum of sine and cosine functions of different frequencies and amplitudes.

Since we ae interested in square wave sgnds for lock-in amplifier detection,

Fourier series of asquare wave sgnd (figure 2.2.1) can be shown by these expressions:.

Vie(t) = Vig 0<t<T/2 (2.20)
Vig(t) = -Vig T/2<t<T (2.21)
¥ [Volt)
Vref
T 2 T t s
“Vref T

Figure 2.2.1 Square wave reference signal

20



Fourier series expression of that square wave signd is

F(t) —Ea +a (a,Cosnv t + b, Snnwt)

n=1

[ERN
4

a, =— t)dt
0 TO ref()
1 T
a, =— t)Cosnwitdt
n T/ZOO/ref()
1 T
b =— t) Snnwtdt
n T/ZOO/rEf() nn

Average value of thereference sgnd is

a,/2=0.

To find the expression (2.24), we need to follow below process:

2 éT/2 T
a, = =@ V.« Cosnwitdt + () V, cosnwtdtu
Tao, TI2 a
2\/1'9
a, = TnV\f/ [Sinnwt[}'? - [Sinnwt]7,
P
T
Vref
a, = (2Snnp - SnnZp)
np
a, =0
fordl n.

Using same process for (2.25),

21

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

(2.27)



AT /2

T N
u
b, ==& V.« Snnwtdt + ¢y V, Snnwtdty
T éo TI2 a
b. =—“[- Cosnwt]’'? +[Cosnwt ][}
n TnW[ ]0 [ ]T/2
\Y :&p
T
\V/
b - ref

= (- Cosnp +cos0+Cosn2p - Cosnp)

2Vref
b, =———(1- Cosnp)
pn

(2.28)
N,

pn
for n=135,...

n

Obtaining the (2.26), (2.27) and (2.28) the result of the expression (2.22) is

4V A, a,
F(t) =—< Snwt + —~ Sn3wt + —< Sn5nt +.... (2.29)
p

. 1 1 (2.30)
F(t) = 5 (Sinvvt+§Sina/vt+gSin5vvt+...)

The line spectrum (figure 2.2.2) for this series contains only odd harmonic sine
terms. Its series contain only sne terms because the wave is odd function; and since it

a0 has hdf-wave symmetry, only odd harmonics are present [37].
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avim |

Figure 2.2.2 Line spectrum of the square wave signal

The expressons of the lock-in amplification are shown beow. Vgg(t) is a

snusoidd input Sgnd and V(1) is a square wave signd where amplitude of the V«(t) is

1V.
For figure 2.2.3,
Vsg(t) = Vs Sn(wt) (2.31)
V., () =2 2e5nwt) + L ain(an) +..0 (2.32)
p & 3 H
Vdemod_out = Vsg(t) * Viei(t) P (2.33)
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Vi nput
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NN

-Vs

Vi ef erence

\/derodul at or

s

VLPF

2Vs/ p

Figure 2.2.3 Outputs of the demodulator and LPF for sine wave input and square wave

reference signals
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The process of (2.33) can be shown asfollows:

4V, 1
Vdemodulator_out :?S[Sn(wt)][gn(vvt) +§gn(aNt) +]
VAV 5 1 1
Vdemodulator_out = p [gn (Wt)+:—39n(vvt)9n(3lvt)+gSn(Wt)Sn(5\Nt)+]
Voo = (20O 2 L1co5ant) - Cos(aw] + S {Cosant) - Cos(ont)] + ...
- 2 32 52
N, 1 2 2 2
V, =—2[=- =Cos(2wt) - — Cos(4wt) - —Cos(6wt) - ...
demod ulator _ out p [2 6 ( ) 30 ( ) 70 ( ) ]
2V, 2 2 2 (2.34)
V, =—_5[1- =Cos(2wt) - — Cos(4wt) - — Cos(6at) - ...
demod ulator_ out p [ 3 S( ) 15 S( ) 35 S( ) ]
Asaresult, the low passfilter output will be equa to amplitude of equation (2.34),
2V,
lef_out =— (235)
p
If both input and reference sgnd ae square wave sgnd (figure 2.24), the
demodulator output becomes:
16V, 1 1
Vdemodulator_out = ZS [gn(Wt) +§Sn(3‘/\/t) +gsn(5\/\/t) + ]2 (236)
where amplitude of the V¢ is 1V, hence, the low pass filter output is
16V, 16V, . 16V
Vit _out = pr +18p2 + 50p52 + (2.37)
or
Vipt_out » Vs. (2.38)
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Noput
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N ef erence
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N PF
Vs
t

Figure 2.2.4 Outputs of the demodulator and LPF for sguare wave input and reference

signals
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Again, drictly spesking, we are usng the synchronous demodulator as a full wave
rectifier in this test. In this manner, demodulator output is nothing but full wave rectified
ggnd of the input sgnd. If the input sgnd and the reference sgnd are dill a the same
frequency but out of phase, then
Vsg(t) = VsSin(vt+j) (2.39)

Thefirgt dc term of the Fourier expression of demodulator output is now

\Y/

demod ulator_ out

= %Cosj . (2.40)

Therefore, the dc levd of the low-pass filter output will be proportiond to the cosine of
the phase difference between the input sgnd and the reference dgnd. Generdly
gpesking, as shown in figures 2.25 and 2.2.6, the dc component of the low pass filter
output varies with the phase difference.

j =0 P Vigtouwt = 2Vs/p

0<j <90°P 0< Viptout <2Vs/p

j =90°P  Vipt ou t=0, and soon.

Any odd multiplies of the reference frequency in the input sgnad will contribute
to the dc output while even multiplies of the reference frequency will dl average to zero
[25]. The switch is in the (+1) gain ‘on’ postion from (0 to T / 2) and in the (1) gan
‘off’ pogdtion from (T / 2 to T) where fi& = 1/ T (figure 2.2.3) and f;¢ = the switch
frequency. If the input sgnd frequency differs from the switch frequency by Df, actudly
in mogt agpplications the input sgnd and reference sgnd will not arive a the
demodulator exactly in the same phase. We can write these relationships between the
input sgnd and the reference sgnd:
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fug = fra + DI (241)

Weg = Wit + DW (242)
Wrgt = 2P Fref (2.43)
Dw= 2p Df (2.44)
Vsg = VSN (Wret + Dw ) t (2.45)
Vig= Vs SN (Wres t+ ] ) (2.46)
wherej = Dwt [25] (2.47)
YLPF_out
\
vemly — — — ——

Wi/ |— — e m———m e

Phasze
Difference

Ve [— — — —_— —

=Nz SM—— —

Figure 2.2.5 Representation of the LPF output by phase difference between the input and

reference signals
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The low passfilter output, Vipt_out, Will then be

T/2

2 .
lef_out = ? Olssn(wreft *) )dt (248)
0
2V,
lef_out = p—SCOS (249)
V.
(P TSCOS(DNI') (2.50)

The demodulator will respond to any odd multiplies of the reference frequency,
but with a lower gain [1], such as the third multiple is equd to 1/3 vdue of the firg
multiple or the fifth multiple is equa to 1/5 vaue of the firda multiple and s0 on. As
shown in figure 227, the low pass filter output will approach zero, if the cut off
frequency point, w,, of the low pass filter is much less than Dw. The low pass filter output
will vary with Dw, if w, is bigger than Dw. For example, the output of the low pass filter
is equd to (2V4p) for a Snusoidd input Sgnd and a square wave reference sgnd, and it
fdls rapidly to zero, depending on bandwidth of the low pass filter. This process repesats
itsedf every odd multiplies of the reference frequency. The low pass filter output is
sharply peaked at win = Wi, and any odd multiplies of the reference frequency, such as,
Win = 3Wre, SWrer, "W, €C. By usng large time condants, we can get narrower
bandwidth for the low pass filter. This process provides more noise reection in the

system.
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Figure 2.2.6 Demodulator and LPF outputs when they are out of phase
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Figure 2.2.7 Odd multiplies of the reference frequency

2.3 Dynamic Reserve

The &bility of detection and measurement of very smdl dgnds which ae
obscured by large noise sources, of the lock-in amplifier is cdled dynamic reserve [1]. It
is a useful performance benchmark for lock-in amplifiers. Dynamic reserve is a messure
of the range of input sgnd amplitudes for which useful output can be obtaned from a
sysem. The more traditionad definition of dynamic reserve is the maximum ratio between
the amplitude of the noise into the bandwidth and amplitude of the sgna to be amplified,
expressed in dB. For example, if the full scde is 1 nV, then a dynamic reserve of 60 dB
means that noise as large as 1 mV can be tolerated a the input without overload [15].
Thus, this implies that, & the dynamic resarve limit, the noise should not cause an

overload anywhere in the lock-in amplifier sysem. By adjusing the didribution of the
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input sgnd to very low amplitude, lock-in amplifiers can achieve high dynamic reserve.
In this case, the dgnd a the demodulator is dso very smdl. To remove the large noise

components from the demodulator output, alow pass filter must be used.

2.4 Dynamic Range

If we show maximum alowed input voltage dgnd by DV, and minimum

detectable sgnd (MDS) by Sqin, input dynamic range will be

D= DV/ Snin - (2.51)
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Chapter 3

L ock-In Amplifier System Blocks

The main idea of this project is to build the detection sysem. We used a sgnd
generator to produce both the input sgnd and the reference signd. The detection system
of the proposed lock-in amplifier consgts of five different dages. Each stage works with
“low-voltage drategy”. These stages are photodiode, preamplifier, gain, demodulator,
and low pass filter stages (figure 3.1). We used two different gpproaches to build the
demodulator. The main idea of doing this is to compare a new approach with the

traditional approach.

Iz Gain Demodulator  LPF
J:.— T+ =
ol 8 Yout
LED ::
=g Vi+¥n
Photo-detertor Yrel
C 1yt
Siaial
rem

Figure 3.1 System blocks of the lock-in amplifier
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3.1 R4BS Operational Amplifier

A fundamenta block of the entire low-voltage, low-noise andog lock-in amplifier
is the operationd amplifier, which is cadled R4BS operationd amplifier. All the amplifier
blocks used in the lock-in use this op-amp. Design of an amplifier with desired frequency
response is complicated by severd factors. Fird, the frequency response of an operationa
amplifier corresponds to the frequency response of the openrloop gain and does not
include the effects of the feedback network (figure 3.1.1). Second, high frequency
compensation is generdly required to obtain closed-loop stability for the overal feedback
amplifier. Third, the output voltage of the amplifier is limited to some maximum rate of
change, cdled dew-rate, which imposes both frequency and transent response

limitations on the overdl amplifier [9], [28].

Xin +p® —p Zout

Figure 3.1.1. Block diagram of the negative feedback amplifier



To caculate the open loop gain of negative feedback amplifier, as shown

3.1.1, we need to follow these expressions:

. X
Open_Loop_Gain=A, = X—°“t

e

. Xf
Gain_of b _network=b =

out

. X
Closed _Loop Gain= Ay = —2L

and Xin = Xe+ Xf p

'% Xout
e PoXe o AXe o Ay

Xe+Xf Xe+(bX0ut) )':;ut +(bxout)

L

AV — AOLXout - AbLXout
Xout +(bxoutAbL) Xout (1+ bAbL)
Av = o
1+ A, b
Av = Ao
1+T

where, (AoL xb)iscalled loop gain,T.

If /b = Aigeal,

AV_ A:)L b — A:)Lb i

T @+T)b @+T)b

T

Av = -
Adeal 1+T

1
Av = Adeal —1

1+=
=
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(3.3)

(3.4)

(359

(3.6)
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The dgn of T is dways negative in a negaive feedback amplifier. The loop gan
T has no units. The operationd amplifier can reach large 108 dB open loop gain (figure
3.12) with 11 MHz gan bandwidth. The fundamentd reason for desgning an amplifier
with a very large open loop gan is the flexibility. It provides for the desgn of amplifiers
with an arbitrary gain. Sew rate of the op-amp is 15 V/irs, which means that to complete
a 15 V output swing, the RABS op-amp needs gpproximately 1 ns (figure 3.1.3). Totd
noise output highly dependent on flicker noise effects up to 1 kHz (figure 3.1.4).
Equivdent input noise darts to increese after 100 MHz frequency point (figure 3.1.5).
Table 31 summarizes the generd characteristics of the R4BS op-amp. We applied
+ 25 V supply voltage to the op-amp during the experiment. One of the main advantages

of thisop-amp isitssmdl sze.

Gain [dB) Phase
100 ' by e
80 4 : : : : : : : I
40 I : I I I I I 50
20 4} 0
1 .50
) |
40 ] -{F- -100
-Gl ] = 150
- 80 LESEIP R PSSR UL PRSP USRI P TN

Wk 100k 1M  10M  100M
Frequency [Hz)

i M 00 1k

Figure 3.1.2 Open-loop gain and phase response of the op-amp
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Figure 3.1.3. Sew rate of the op-amp
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Figure 3.1.4 Total noise output voltage for the op-amp
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Figure 3.1.5 Equivalent input noise of the op-amp
Table 3.1 Generd characterigtics of the R4BS Op-Amp
Gan 108 dB
Gain Bandwidth (GBW) 11 MHz
Phase Margin (PM) 50°
Slew Rate (SR) 15V/ins
Supply Voltage +25V
Input Offset Voltage ~1mv
Tota Arealnside of the Chip 208.8 mm x 630.4 mm = 0.1316 mm*
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3.2 Photodiode

Photodiodes are used in a variety of applications where one needs to detect light
or measure its intendty. While there are many ways to implement a photodiode, a p-n
junction is one of the smplest structures (figure 3.2.1). Photodiodes made of Silicon (S)
ae manly used in consumer eectronics. When a photodiode is reversed-biased and
under dark conditions, very little current flows through it. This is termed the dark current.
However, when a semiconductor is illuminated by light having energy greater than its
band-gep energy, the light is absorbed in the semiconductor and eectron-hole pairs are
generated. The eectrons migrate towards the “n” type dlicon layer, while holes migrate
toward the “p” type layer. It results in a smdl eectrica current, which is proportiona to

the number of photons absorbed [11].

to preamp
A — loVss

n-well
u Depletion
Reqgion

p-substrate

Figure 3.2.1 n-well / p-substrate photodiode
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The top layer of the photodiode is very thin. Slicon becomes depleted of
electrical charges near the pn junction. This is known as the depletion region. Applying a
reverse bias voltage across the junction will vary the depth of the depletion region. Some
optica detection applications the photodiode’'s speed of response is critica. For example,
if the photodiode is to respond to a series of light pulses 1ns (f = 1GHZz) agpart, the photo
generated minority carriers mugt diffuse to the junction and be swept across to the other
gde in a time much less than 1 ns (f = 1 GH2). In this gpplication, the lock-in amplifier
system needs to work up to 100 ns (f = 10 kHz) gpart, therefore most any photodiode has
enough time to respond for our experiment at this speed.

An nwell / p-substrate 640 mm x 640 mm photodiode is used to detect fluorescent
photons. The technology is AMI 1.5 mm CMOS process. Since the nwell / psubstrate
diode collects the charge created deeper in slicon and fas a spectral response that pesks
a ~750 nm versus the pdiffuson / nwdl that peaks a ~500 nm, an rwell / p-substrate
photodiode would respond better to signas toward the red end of the visble spectrum
[5]. [30].

Respongvity is a measure of output current for a given light power launched into
the diode. Spectrd responsvity is the response that is achieved as a function of the
waveength. The measure of sengtivity is the ratio of radiant energy (in watts) incident
on the photodiode to the photocurrent output in amperes. It is expressed as the absolute
responsivity in amps per wait. Radiant energy is usualy expressed as watts/cm? and the
photodiode current as amps/cm?. The cm? terms cancel each others and we are left with
amps/watt (A/W). A typicd respondvity curve, which shows A/W as a function of

waveength, isgiven in figure 3.2.2 for nwdl / p-substrate photodiode [40].
40



The noise in photodiodes is shot noise and Johnson noise and often limits the
performance of the sysems. The shot noise is the essential noise in photodiodes and is
induced by the behavior of the photo-induced carriers and incident photons as particles.
The Johnson noise is generated in the resstance connected to the photodiode and is
caused by the random motion of carriersin the resstance.

The output current of photodiodes is typicdly a very low. As a result, the sgnd
can be logt a the receiver connection between photodiode and the other stages. Using

low-noise pre-amplification into the same circuit provide better sgnd-to-noise rétio.

045 |
04

035

i i o
025

oL LS |
% ———
005 i3

Responsivity (A/W)

400 00 800 1000
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Figure 3.2.2 Typical responsivity curve for n-well / p-substrate photodiode [ 4]
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3.3 Preamplifier stage

To pre-process the input signa, the photodiode is connected to the pre-amplifier
before going to the demodulator. The pre-amplifier has a tranampedance configuration,
which means our light source comes to photodiode output as a current source, while
output of the pre-amplifier is voltage source. We can find the dc gain of the pre-amplifier
circuit by dividing itsinput current to its output voltage
Adc=Volls=R. (3.8)
To provide a 350 kV/A tranampedance dc gain across the pre-amplifier, the 350 kW

feedback resistor should be connected to the pre-amplifier as shown in figure 3.3.1.

2
6 S
3+>

Pre Amplifier

L1
N

D1

N,//
o

PHOTODIODE vdd

Vss

Figure 3.3.1 Photodiode and the pre-amplifier stage
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The loop transmission for the pre-amplifier is

Wil
T:_AbL fl
1+jf—

2

where

2

" 2R(C, +C)

(3.9)

(3.10)

(3.11)

C, represent the feedback capacitance in pardle to R; (figure 3.3.1). The reason for

adding 6 pF feedback capacitance for frequency compensation is to prevent oscillation or

gan pesking in the circuit both as a result of an HSPICE trandent anadyss and the

laboratory experiment. Cp represents the n-wdl / p-subdrate junction capacitance in

farads. It depends on the thickness of variable depletion region. Increesng the bias

voltage increases the depth of depletion region and lowers the Cp vaue [4]. The ided

trandfer function, V, / |, for the detection circuit is

T=R ;
1+ j—
f

1

where
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1 (3.13)

f, =
20R,C,

-3 dB bandwidth of the pre-amplifier is 75.8 kHz by using 350 kW resistors and
6-pF capacitance. Although usng smdler capacitance can increase this bandwidth, it
leads to oscillation in the lock-in amplifier.

Noise is an area of concern for low-level sgnd detection [9]. The photodiode in
figure 3.3.1 responds to incident light with a current Is that the op-amp subsequently
converts to a voltage \,. To reduce noise, another capacitor can be added in parald with
R; however, this dso reduces the sgnd-gain bandwidth. The optimum dStuation requires

reduction of the bandwidth as much as possible without degrading the signal response.

3.4 Gain stage

Amplification or gain occurs in a device when the output is grester than the input.
Gan is defined as the output divided by the input. A gan amplifier stage is often an
essentid step for best system sengtivity. Without a gain stage, the result can be distorted.
These serioudy degrade system performance. For this reason, a smple x100 inverting

gan gageis used (figure 3.4.1) whose transfer function is expressed as,

Av= R /R =100 . (3.14)



out

Fain Stage
Ay =100

= ool

Figure 3.4.1 x100 voltage gain stage

A practical op-amp has non-ideal characterigtics. For example, transstors, making
up the op-amp, never have exactly amilar characteridics. This Stuation is same for the
input trangstors of the op-amp. Because of this reason, op-amp acts like it has an extra
amal voltage source, and thus it may have a nonzero smdl output voltage. This input
voltage is cdled the input offsst voltage. If the gain of the circuit is large, the output
voltage due to the input offset voltage will be large. R4BS op-amp has around 1 mV
input offset voltage. This input offset voltage will be very large after the gain stage. So, it
IS necessary to make an input offset adjusment in the gan stage (figure 34.2). To
explan this input offset voltage, we can write below expressons according to figure
3.4.2. Here, Maxim OP-27 operational amplifier was used.

According to figure 3.4.2 we can write
I = (Vin-Vimn) / R (3.15)

Vout = Vinn - IRZ . (316)
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[¢]
Vdd
o
Vss
Figure 3.4.2 Input offset adjustment
Subdtituting (3.15) and (3.16)
Vout = Vinn—(R2/ R1) (Vin-Vimn) (3.17)
= 2Vinn - Vin (318)

whereR; = Ro.

Since desired output signd, Vour, must be equa to -Vin, (Vout = -Vin) thevadue of 2Vip, is
equa the offsat voltage of op-amp. 2Vin, can be easly adjusted to zero by using varigble
resstor. Figure 3.4.3 shows the gan and phase response of the x100 voltage gan

amplifier sage. The results were summarized in table 3.4.
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Table 3.4 Gain stage generd characterigtics

Gan 100
Gain Bandwidth (GBW) 30 MHz
Phase Margin (PM) 140°

Gain (dB)
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Figure 3.4.3 Gain amplifier phase and gain response
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35Low passfilter stage

The low pass filter (figure 3.5.1) provided with the mgority of lock-in amplifiers
is based on low cut-off frequency. A low pass filter is effective in suppressng noise a
frequencies beyond cut-off. A filter is a dircuit that processes sSgnds on a frequency
dependent bass. The manner in which its behavior varies with frequency is cdled the
frequency response and is expressed in terms of the trandfer function H (jw), where w =
2pf isthe angular frequency in radians per second (rad/ 9).

The low-pass filter response is characterized by a frequency wy, cdled the cut-off
frequency suchthat | H(jw) | = 1 for (w < wp) and | H(jw) | = O for (w >> wp) (except
for ided low pass filter), indicating that input sSgnas with frequency less than wp Qo
through the filter with unchanged amplitude while dgnds w > wp undergo complete

atenuation. A common example of the low pass filter gpplication is the removad of high

frequency noise from asgnd.
o
1]
I
04 uF Ydd
R1 R2
¥Yin N
+ 3 |y
53k 240 k J out
i Was
0.0z uF:I:

Figure 3.5.1 The Sallen and Key low pass filter stage
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A Sdlen and Key basic two-pole low pass filter (figure 3.5.1) was used in this

lock-in amplifier project. Cut-off frequency of a Sdlen and Key low passfilter is

W, = 1 = ! =198.6rad/sp (3.19)
JRRCC, +/53k240k0.02m0.1m

fy =20 = 31 6Hz (3.20)
2p

Thisisdso shown in an HSPICE frequency andysis plot (figure 3.5.2).

The qudity factor, Q, is

0= C, YRR, _ [0.1m /53k240k - 086 (3.21)
“VC, R+R, 1\002m 293k

The Q of a filter is related to the overshoot and ringing in the trandent response of the
filter, and to the pesking of the frequency response: a high-Q dircuit will display more
peaking, or overshoot, than a low-Q circuit. In this experiment we have fo = 31.6 Hz and
Q=086

Although Q must be equa to 0.71 for best result [9], [28] we obtained Q equa to
0.86, due to necessty of using off-chip capacitors and resstors. If we ingpect the figure
3.5.2, there is a little overshoot around at 20 Hz. This is the effect of quality factor, Q.
When Q is 0.71 or (1/CR), the bandwidth response is smooth curve. Smooth curve will
give us much more phase margin, less ringing and more dable circuit without oscillation.
Its cut-off frequency and qudity factor (Q) can be easly adjusted by varying the RC

components. Table 3.5 summarizes the results of the low passfilter.
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Table 3.5 Genera characterigtics of the low-pass filter

Gain Bandwidth (GBW) 31.6 Hz

Phase Margin (PM) 100°

Gain (dB) Phase
. ; ; ; ; _
-10 4
-20 4 : : : ;
-50 : ; .

-0 ; ;

80 -

.9p 3

-100 - ;

i l ”””1I] | 1I]II] l l“”1llk | 1I]k
Frequency {(Hz)

- 150
100

I 50

_50
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~ 150

Figure 3.5.2 Low Pass Filter Gain and Phase response
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3.6 Demodulator 1

Switched gain amplifier is the mos important block of this demodulator. The
switching operation occurs by complementary transmisson gates (CMOS switch). In
order to switch the control between the two transmission gates, a CMOS inverter has
been utilized (Figure 3.6.1). Implementations of the CMOS switches for this demodulator
shown in figure 3.6.2. Switching multipliers as a synchronous demodulator have wide
dynamic range, high degree of precision, in addition to operationd smplicity [2].

In this gpplication, when first switch is ‘on’ and second switch is ‘off’, op-amp
acts as non-inverting x1 gain amplifier. When second switch is on and firgt switch is off,
it acts as inverting x1 gain amplifier. If we ingpect the figure 3.6.3, the demodulator
output is equd to full wave rectifying Sgnd of the input Sgnd. When V¢ is logic 1, firg
switch is ‘off’ and second switch is ‘on’. Vot is equd to x1 gain d Vin. When Vg islogic
0, first switch is ‘on’ and second switch is ‘off’. 4y IS equa to x1 inverting gain of V.
Figure 3.6.3 shows the input and output voltage HSPICE smulation results by controlling
the reference voltage. Figure 3.6.4 shows the zoomed in output response of these signds.

The important point of this demodulator is to get equal smooth bandwidth
response during ‘on’ postions for both firg and second switches. Figure 3.6.5 shows the

frequency responses of amplifier during both positions.
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Figure 3.6.2 Implementations of the CMOS switches for demodulator 1
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Figure 3.6.3 Input and output signals of the demodulator_1 by switching operation
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Figure 3.6.4 Zoomed in input and output signals of the demodulator_1
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Figure 3.6.5 Gain responses of the amplifier during switching
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3.7 Demodulator 2

This demodulator has a unity gan amplifier, an inverting x1 gan amplifier, a
CMOS transmisson gate, and another unity gain amplifier to buffer output of firg and
second amplifiers (Figure 3.7.1). This kind of demodulator can be conddered the
traditiond way of full wave dgnd rectification [1]. In this demodulator, the sgnd spends
equd times in its two dtaes. While the firs op-amp multiplies the input sgnd by (+1)
gain, the second op-amp multiplies it by 1) gain. So, the first op-amp is proportiona to
Vin while the second one is proportiona to —Vin, Or Vin inv. SiNce Vet and Vi, are on same
phase and frequency, switching times exactly the same when Vi, goes from postive sde
to negative sde and vice versa. For a good explanation, we need to look at figures 3.7.2,
3.7.3 and 3.7.4. When Vi, and Vg ae podtive, the firs switch is ‘off’ and the second
switch is ‘on’, Vou is equa t0 Vin inv. When Vi, is zero or negative vaue (in this
experiment photodiode output is dways between zero and any podtive vaue) and dso
Vet IS Negative, the second switch turns off while the fird switch is ‘on’. Hence, Vou IS
equal to the second op-amp output, Vi,. As a result, the demodulator output is a full wave
rectified verson of the input sgnal. The reference voltage controls the two dtaes of the
switches. This is the key point for the demodulator. The switch changes postion as the
reference voltage changes polarity. This action gives a sysematic change of gain between
(+1) and €1) in the sgna path, and therefore causes full-wave rectification of the sgnd
a the switch output. The output of the switch is then applied to the low pass filter, which
smoother out the ripple component and ddivers a dc voltage which is proportiond to the

amplitude of theinput Sgnd.
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Figure 3.7.2 Implementations of the CMOS switches for demodulator_2

56



-041

]
-2

-0.1 4
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Figure 3.7.4 Zoomed in input and output signals of the demodulator_ 2

When the firg amplifier is active and the second one is non-active or vice versa
dtudtion leads the nontequdity frequency response between the amplifie's. The firg
amplifier gain bandwidth response has some overshoot around 12 MHz before the
compensation (figure 3.7.5). Since both amplifiers have different closed loop response by
depending on switch postions, compensaion is necessary for preventing overshoot and
ringing as a reason of less phase margin. To reduce this overshoot, we need to use larger
compensation capacitor indde of the op-amp. Figure 3.7.6 shows both amplifier gan

responses after compensation.
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Figure 3.7.5 Gain responses of amplifiers during switching before compensation
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3.8CMOSinverter

CMOS technology uses n-chand and p-channd MOSFETs in complementary
pars. In the CMOS inverter, the source of the PMOS is connected to Vqyq, the source of
the NMOS is connected b Vg, and the drain terminds of two MOSFETS are connected
together to form the output node (figure 3.8.1). Also, the subgrates of both the NMOS
and PMOS transstors are connected to their respective sources, thus diminating body
effect in both devices [8]. The circuit is designed so that there will never be a conducting
path between in podtive and negative power supplies under Steady dstate conditions.
When the NMOS is on, the PMOS is off or the PMOS is on, the NMOS is off. (table 3.8
and figure 3.8.2)

Let us congder an input of
Vin= V= -25V, (3.22)

For the NMOS, Vin + Vgs= V= -2.5

Vgs= 0 and Vgs< Vi and NMOS is operating in cut-off region.

ThePMOShas Vyg = Vin+ Vg = 2.5V (3.23)
Va < Vg + Vi and PMOS is operaing in linear region (point A in figure 3.8.3).

If Vin=Vaa=+25V,

for the NMOS, Vih + Vg = Vs = -2.5V therefore, Vgs < Vgs — Vin and NMOS is
operdting in the linear region. For the PMOS, Vg = Vin + Vg and Vg = 0, it means that

Vg < - Vyp and PMOS is operating in cut-off region (point E in figure 3.8.3).
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Figure 3.8.2 HSPICE characteristics of the CMOS inverter
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Table 3.8 States of the inverter

Input Output
-1 1
1 -1

For intermediate voltage inputs when the input reaches Vi, = Vin NMOS turns on
and operates in saturation region while PMOS is operating in the linear region (point B in
figure 3.8.3).

As Vi, increases above M, the output voltage begins b reduce. When Vg drops
below Vgs — Vin, NMOS enters the linear region of operation. When the output drops to
—Vip beow the input ( Vg 2 Vg + Vyp and Vyp is negative), PMOS operates in the
saturation mode (point D in figure 3.8.3).

For Vin = Vour = V., both PMOS and NMOS are in the saturation region of

operation (Point C in figure 3.8.3) [36].

3.9 CMOS switch

Figure 3.9.1 displays CMOS bi-directional transmisson gate or CMOS switch.
This is accomplished by controlling the gates of an NMOS and a PMOS device with
complimentary clocks so tha the two devices turn on and off smultaneoudy. Source and
dran terminas of MOSFETs are connected in padld and gate terminads driven by

oppogite sgnalsindicated by Vier and Viet iny.
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Figure 3.8.3 Voltage transfer characteristics of the CMOSinverter

Figure 3.9.1 Schematic of the CMOS switch
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In order to enable CMOS switch through the NMOS, Ve¢r mugt be high so that the
NMOS gate voltage is positive with respect the source. Corversely, Ve inv must be low
s0 that the gate terminal of PMOS is negative with respect its source and the PMOS is
enabled.

When the transmisson gate is in the conducting state V¢ is logic 1. The input and
output terminds are connected together through the pardld combination of the on
ressgances of the two transdors. The transmisson gate represents a bi-directiond
resgive connection between the input and output terminds The individud on+
resistances Rn p, and Rn_n, & wel as the equivdent on-resistance Rn_cmos, dl vary as a
function of the input voltage Vin (figure 3.9.2). The PMOS is cut-off Ron p = ¥ for
Vin £ Vi, and the NMOS is cut-off for Vin 2 Vgg — Vin. The equivaent on-resistance of a
CMOS switch, compared with that of a sngle NMOS or PMOS device, varies much less
as a function of the input voltage. The acquigition time of the switches can be decreased
only by lowering Ron. Thus, in high speed agpplications, switches must be built by large

W / L ratio, but this leads more charge injection errors according to below expression

Qen » WLCox(VesVTH). (3.24)
In this project, Ron is less than 1.7 kW for the switches (figure 3.9.3). The
relatively condant onrresstance minimizes the harmonic digtortion [41]. The equetion of
the on-resstance is
1 1 (3.25)

Ron = W =—
WLCOXT (\/GS - VTH ) G
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Figure 3.9.2 Representation of Ry, resistances for NMOS, PMOS and CMOS transistors

Figure 3.9.3 Ry, characteristics of the CMOS switch
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To design the CMOS switch, two aspects must be considered. Firgt, the threshold
voltages are made equa in magnitude. Second, the transconductance parameters, kn and

kp, must be consdered. Equating these parameters, we have

W W (3.26)
k,—=k,'—&
L, L,
whereKn' = mCox  and Kp' = mpCox. (3.27)
Substituting (3.26) and (3.27) gives
W, W (3.28)

rr]1Cox L_:: rT.bcox L

p

The oxide capacitance per unit areais

Cox = €ox / tox (F/ sz) (3.29)
where ey is oxide permittivity (F/cm). For SO; eox = 3.9 e,, where e,= 8.854x10** F/cm

and x Is oxide thickness (cm). Gox is same for both devices, thus, the equation (3.28)

reduces to
m W, =m, Vﬁ (3.30)
L, L,

Typicaly, for the surface of slicon the eectron and hole mohility are approximately
m (S)=580cm/V.s and my=230cm/V.s (3.31)

where total impurity concentration, Ni, is 1 x 10*” cm™ at room temperature,

Substituting (3.30) and (3.31) yidld

Wn — Wp
580 C 23OL— (3.32)

n p

and reduces approximately to
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Vﬁ » 2.5\/\/n (3.33)

p n

Therefore, the CMOS switch devices must be related by the charge carrier mobility ratio
of gpproximately 2.5 for slicon [36].

Vin and Vo HSPICE trandent analys's characteristics response to Vier and Vet inv
for CMOS switch are shown in figure 3.9.4. When switch is on (approximately between 5
ns — 55 ns and 115 ns — 165 ns), Vo IS equal to Vin. When switch is off (between 60n-

110n), Vot isequd to zero.

3.10 Design requirements

In this project the lock-in amplifier needs a reference channd, which is supplied
by a sgnd generator, a comparator to prevent sgnd didortion, and an input offset
voltage adjustment circuit.

Although generdly lock-in amplifiers use their own reference channd, which
includes variable phase shifter, in order to provide exact same on-phase Stuation for both
input and reference dgnd, in this work both input and reference signd are supplied by
same source. Hence, both signals have same phase and frequency.

The input sgnd and the reference dgnd travd long way to reach both the
demodulator and the LED via coaxid cables and connectors from their source signd
generator. Therefore, sgnal is disturbed somewhere in the system. In order to prevent this
problem, we had to use a comparator. National Semiconductor LM 311N comparator

helps reshaping the sgnal [16].
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Figure 3.9.4 Vi, and Vot HSPICE transient analysis characteristics of the CMOS switch
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Another trade off in this sysem is input offset adjusment. R4BS op-amp has
goproximatdy 1 mV input offset voltage. Although this is a very smdl vadue, we ae
measuring very smdl dgnds and these sgnds may be smdler than the input offset
voltage. In addition 1 mV input offset voltage can be 100 mV after the gan stage (gain
stage has x100 gain). To provide input offset adjustment, we used Maxim OP 27 op-amp

followed by the gain sage.
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Chapter 4

Experimental Testing and Results

4.1 Layout Process

system block separately. For this reason, the demodulator chip was built as independent
blocks. Figure 4.1.1 shows the lock-in amplifier's stages and connection scheme. The
sgnd channd is totdly independent from the chip. Figure 4.1.2 shows the lock-in
amplifier and its off-chip dements. Using off-chip eements is more practicd than using
on-chip eements due to the necessty of putting very large resgors for pre-amplifier,
gan, and low pass filter stages for adjuding filter time condants. Although it is dso

possible to use off-chip dements for the demodulators, we used on-chip dements for

The first step in testing was to observe the peformance and accuracy of each

both demodulators (figure 4.1.3).
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Figure4.1.1 General block diagram of the lock-in amplifier system
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Figures 4.1.4, 4.1.5, 4.1.6, 4.1.7 and 4.1.8 show the output responses of the each
system block. At 6 kHz gain stage output has exactly equa to x100 the input signd. This
output has 4.07 ns fdl time and 411 s rise time (figure 4.1.4). We gpplied = 2V input
ggnd a 6 kHz for demodulator stages. Demodulators were built by inveting gan
amplifiers, therefore, demodulators must rectify this input sgnd a —2 V levd. Both
demodulators have almost same output response (figures 4.1.5 and 4.1.6). For low pass
filter stage, the input signa comes from the demodulator output, which is equd to — 2 V
level. The low pass filter cuts off dl frequencies beyond 31.6 Hz and its output is equd to

-2V dcleve (figure4.1.7 and 4.1.8).
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Figure4.1.4 Vi, and Vo Signals of the gain stage
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Demodulator_1 and demodulator 2 stages are the principa building blocks of the
IC. Hence, these two blocks were tested separately for their accuracy and linearity. Figure
4.1.9 shows the input and the output voltage characteristics of the demodulators when
they ae independent from the other stages. Figure 4.1.10 displays linearity of the
demodulators. The linearity errors are not same for both demodulators. As an example,
while £ demodulator has —1 % error a + 2.5 V input signd, 2" demodulator has -5 %
eror at the same point. Figure 4.1.11 shows these linearity errors as a percentage.

The low pass filter outputs for both demodulators are dmost congtant until 20
kHz (figure 4.1.12). After that point, dc outputs of the low pass filter for the demodulator
decrease very sharply. Although, both demodulators can work precisely until 20 kHz for

this case, their accuracy will change by applying the other stages to the demodulator

blocks.
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2

Vout (V)
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Figure 4.1.9 Voltage transfer characteristics of both demodulators
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4.2 HSPICE Analysis

An HSPICE smulation was performed on the whole demodulator chip before the
chip was fabricated. A current source was used to smulate the current of the photodiode.
Figure 4.2.1 illugrates the HSPICE transent analyss for a square wave detected input
sgna and the resulting output responses for each stage a 1 kHz.

The demodulator output is equa to 1 V amplitude and there is no negative Sde
vaue (figure 4.2.2). Therefore its low pass filter output is expected to be haf vaue of the
demodulator output, which is 500 mV for perfect conditions. In HSPICE transent
andyss, the low pass filter output is around 490 mV (figure 4.2.4) because there are
charge injection errors due to unwanted charges being injected into the circuit when the
tranggtors turn off. As a rexult of charge injection some glitches occur during the
switching (figure 4.2.3). CMOS complementary switch architecture and 25 Sze ratio
between the n-mos and p-mos devices ingde of the switch hdp minimize these charge

injection errors during the switching.

4.3 Laboratory Testing

In experimental laboratory testing, we used 1 kHz square wave input and
reference dgna for the lock-in amplifier. The pre amplifier output has 6 mV amplitude
with 1 mV offset voltage (figure 4.3.1). So, its actud vaue is equd to 5 mV amplitude.
We diminated this offst voltage by usng the offset adjusment circuit. The gain output
has 450 mV amplitude with no offset voltage (figure 4.3.2). The demodulator rectifies
thisinput by inverting it on the negative sde, which is around —450 mV amplitude. Both
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Figure 4.2.1 HSPICE transient analysis for the demodulator chip
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Figure 4.2.4 HSPICE transient analysis for the LPF output

demodulators amost have same output for this input sgna (figures 4.3.3 and 4.3.4).

Followed the demodulator stage, the low pass filter has around —225 mV dc output for

both demodulators (figures 4.3.5. and 4.3.6).

4.4 Additional Analysis

The synchronous demodulator of the lock-in amplifier will give a phese

sendtive dc output in response to Sgnas a odd multiple frequencies, such as 3fye, Sfrer,

etc [1]. This is shown in figure 4.4.1 for a Sne wave sgnd a the third odd multiple of the

reference frequency. The relative sengtivity of the detection system at these additiond
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frequencies is 1/3, 1/5 and s0 on, corresponding to the relative magnitudes of the
reference Fourier components. A detection system with this property is sad to be
harmonicdly responding. Other than these odd harmonics, low pass filter output is
essentidly zero for dl other frequencies, even for very close vaues to reference
frequency (figure 4.4.2).

A convenient way of representing the lock-in amplifier outputs is frequency
difference exiging between input and reference sgnds. We found additiond odd
harmonic components by usng sgquare wave reference sgnd as shown in figure 4.4.3.
These are centered on the odd harmonics of the reference frequency and the maximum
magnitude of each peek is weighted by the magnitude of its associated reference Fourier
component. Before a signal can produce a response a the output lock-in amplifier, it
must lie within one of the odd harmonics of the reference frequency. In order to produce
a true ‘dc’ response a sgna must be synchronous with one or more of the reference
Fourier components. Figure 4.4.3 shows the test results of the low pass filter output for
demodulator chip wherefrer » 2 kHz.

Vv

N O N
. \/\\/\\/ T il xS

v
Vref 0 t
Vi . LPF Output

] Omv—ﬁkﬁ\—/#— @v&— 3

Figure 4.4.1 Output of the LPF for fi, = 3f¢
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At the fird odd multiple, low pass filter output rms vaue is equd to 110 mV. At
the third odd multiple, its vaue is equd to 1/3 vdue of the fird odd multiple, which is
around 36 mV. At the fifth odd multiple, it becomes 1/5 vaue of the first odd multiple,
22 mV. The practicd dgnificance of usng these results is representing the frequency

regions, where the lock-in amplifier is susceptible to large-scde discrete interference

components.
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Figure 4.4.2 LPF outputs for different input frequencieswhere f,g = 2 kHz
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Figure 4.4.3 Outputs of the demodulator chip with odd harmonics of the reference

frequency

When a sgnd with noise is measured by usng lock-in amplifier, cut off frequency
of the low pass filter has great effect of the result. Figure 4.4.5 shows the low pass filter
rms output response for f, = 316 Hz and f, = 31.6 Hz For f, = 31.6 Hz (figure 4.4.4), the
low pass filter eiminates more noise components. Noise bandwidth of the lock-in
amplifier has strong relationship with the low pass filter noise bandwidth (NB). The noise

bandwidth of the second order low passfilter is

NB = 2"%0 (4.2)

wherefo = wo / 2p 4.2)
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fo isthe cut off frequency of the low passfilter.

Then, the noise bandwidth of the lock-in amplifier is

NBiock in = 2 NB. 4.3

The noise bandwidth of the first case is equd to 495.66 Hz whilein the second case

it 1s49.56 Hz. As shown in figure 4.4.5 the narrow noise bandwidth has sharper response.
Photodiode response is not same for different light intendties. As a result low

pass filter output varies by depending on photodiode reverse bias current. Until around *

15V LED drives, the photodiode has only dark current (thermaly generated), and as a

result very smdl linear low pass filter output. After this point, the photodiode darts to

give some response to the incident light (figure 4.4.6). The distance between photodiode

and light source, LED, dso affectsthis response.
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Figure 4.4.4 Representation of the noise bandwidth for the demodulators
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In practice, problems arise a high frequencies. For sne wave 1000 mV sgnd a
1 kHz, the output of low pass filter is equa to 640 mV, but for higher frequencies, this
value will be reduced, such as a 50 kHz it 5 560 mV. As a note these results are HSPICE
amulaion results for perfect conditions. In red experiment, differences become more
ggnificant. Although these two sgnas appear a same phase and frequency, there will be
some nonequdity a higher frequencies (figure 4.4.7). Figure 4.4.8 shows the
demodulator chip output for different frequencies While the sysem works very
accurady a 1 kHz, sysem qudity drops sharply in higher frequencies. There are severd
reasons of these errors such as switching errors due to charge injection, input sgnad and
reference Sgna are not drictly in-phase because of long cables and connection errors and
distance between the devices and errors due to signd generator distortion, €etc.

The sgnd-to-noise raio was found by measuring the output sgnd of demodulator
chip in light and dark conditions. The output of the low pass filter is equa to 0.55 mV
(rms) in dark conditions and is cdled the noise output. When we drive the LED by
applying the reference voltage, the demodulator chip responds to the light. We messured

230 mV (rms) this output signal. Therefore,

Ve (FMS
signar (TMS) - 20log 230mv (4.4)
(rmg 0.55mV

SNR = 20log

noise

SNR » 52 dB .
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Figure 4.4.8 Final test of the chip for both demodulators

4.5 Demodulator Chip

Integration alows complex circuits, which consss of thousands of devices such
as trangstors, resistors, capacitors, and diodes, to be redized in a sngle semiconductor
chip. In addition to advantages of miniaturization, fabrication of many integrated circuits
onasngleslicon (S) wafer greatly reduces the cos.

MAGIC CAD software was used to implement this project for integrated circuits.
AMI 1.5 mm CMOS technology was used. Figure 45.1 and 4.5.2 shows the generd
MAGIC layout placement of the chip. The firs demodulator takes 1/3 less area than that
of the second demodulator. It gives more area consderations for future work.
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Figure 4.5.2 Representation of the blocks for the demodulator chip
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The best way to prevent our chip from the outside effects such as bad connection
effects is to use the dements ingde of the chip. This way may not be possble for large
vaue devices, such as MW leve resstors or nf level capacitors, because of the area
consgderdions. In this case, off-chip dements are preferable. 10 kW resistors must be
used ingde of the chip for the demodulator stages. Integrated resistors can be redized
usng a wide variety of different conductors. A popular choice is polyslicon. The
equations governing the resstance are given by,

R =flt (4.5)
Where R istheresistance per square, or sheet resistance, and r isthe resgtivity

1
am, N,

r =

(4.6)

t is the thickness of the conductor, and N is the concentration of carriers. Then, the total
ressanceisgiven by
R=(L/W)R 4.7)
where L is the length of the redgtor. To make 10 kW resgtor which is used for
demodulator chip we need to find resstance vaue of per square for AMI 1.5 nm CMOS
process:
w/ =25 (4.8
If we choose W=4,

will be4 X 4 = 16 unit.

A unit resganceisequa to 25 W.
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Then the genera expression becomes

(L/4)Y*( )*(W/ )=10kwW (4.9)
L =1600p
= 16b

L =100 (figure4.5.3 and 4.5.4).

One of the mgor problems in integrated CMOS circuits especidly in switching
cireuitsis latch-up. The result of this effect is the shorting of Vpp and Vsslines usudly
resulting in chip sdf-destruction or mafunctioning on the circuit. The best pproach for
preventing the latch-up is layout techniques, such as using guard rings. Guard rings that
arep’ diffusonsin the p substrate and n" diffusionsin the n-well are used to collect the
injected minority carriers. P" guard rings must be tied to Vs and n" guard rings must be
tied to Vyq (figure 4.5.4)

Thefind sep in integrated circuit fabrication is packaging to protect the device
from its environment. DIP (Dud In-line Package) packaging type, in which 40

connectors are brought out along two sides, was used.

W =44 160

F 1
L

\ !
(1/16)0
L = 1007,

Figure 4.5.3 Polysilicon resistor layout for the demodulator chip
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Figure 4.5.4 Representation of the switches, guard rings and resistors for the

demodulator chip
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Table 4.1 displays the area of each block used in the demodulator chip. The area
of the firs demodulator is 0.278 mm? while the area of the second demodulator is
0.799 mm?. Thus, demodulator 1 is more efficient for the future implementations due to
its 9ze advantage. Table 4.2 summarizes the genera specifications of each block. The
input offst voltage is different for each stage because closed loop response is not the

same for each block.

Table 4.1 Areaof the stages
Stages Area
Photodiode 640 mm * 640 mm (0.4096 mm?)
R4BS Op-Amp 208.8 mm * 630.4 nm (0.1306 mm?)
Demodulator_1 310.4 mm * 895.2 nm (0.278 mm?)
Demodulator_2 742.4 nm* 1076 nm (0.799 mm?)
Totd Chip 2195 nm * 2195 mm (4.819 mn?)
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Table 4. 2 Specifications of the stages, which are used in the demodulator chip

INPUT SUPPLY
CIRCUIT GAIN BANDWIDTH OFFSET CURRENT

(Lab) (Lab) (HSPICE)

Pre amp 350 kV/A » 75 kHz 3mv
Gain 100 » 50 kHz 5mv 1545 mA
Demodulator 1 1 » 30 kHz 11mV 1.562 mA
Demodulator 2 1 » 30 kHz 1.3mVv 1.794 mA
Low Pass Filter 1 » 32Hz 0.5mVv 0.624 mA
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Chapter 5

Conclusions and Future Work

This research is concerned primarily with two topics, optimizing the lock-in
amplifier sysem and comparing the two different demodulators, which are used in the
chip. The lock-in amplifier or the phase sendtive detector was used for signa recovery.
Its ability is to measure week dgnas embedded in noise. Performed tests inform that
each block of the lock-in amplifier sysem is functioning according to the desgn
requirements. One of the most useful characteridics is its capability of operating a
supply voltages as low as = 25 V. Because integrated andog circuitry is getting smdler,
it becomes more difficult to modify the technology for anadog needs. Therefore,
modification of analog integrated circuits is necessary to operate at low voltage.

The fabricated prototype performance was reported in this thesis. Many aspects of
the design can be reexamined and improved in future works. In spite of the success of the
demodulator chip, couple of characteristics of the implement needs further investigation
and improvemen.

Firgt, due to R4ABS op-amp input offset voltage, the gain of the input sgnd is
leading 100 times bigger than that of input offset voltage. Hence, to make zero or relax

this offset voltage, it is necessary to use offset arrangement circuit outsde of the chip.
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Connecting variable resistor, around 5 RV, to the Vi pin of the op-amp can eadly do it.
Nulling the output voltage in this manner removes the effects of input offset voltage.

Second, the charge injection issue of the CMOS switches during the switching
requires additional work such as scaling or minimizing the tranastors.

Another problem is encountering the oscllation in the sysem during the
switching. Several reasons such as usage of long connection cables and difficulties with
sending both reference sgnd and input signd to the demodulator exactly a the same
time lead to the oscillation. This especidly occurs when reference signd was applied to
the demodulator. A comparator must be used just before the demodulator for timing
relaxation or catching the exact same reference Sgnd a Hence, a comparator designed
for theintegrated circuits should be replaced ingde of the chip.

Even though, both synchronous demodulators have admost same accuracy and

reliability, first demodulator takes lessarea. So, it will be recommended for future works.
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1. Demodulator Chip HSpice Files

SUBCKT AMI160PAD 1
C110198.6FF

ENDS

.SUBCKT AMI160PADC 1
C110270.7FF

ENDS

SUBCKT ami160_SE PAD Vss Vssy
XPAD PAD AMI160PADC
C1Vss! 0 170.9FF

C2 PAD 0 162.1FF

C3 PAD Vss! 168.5FF

ENDS

SUBCKT ami160 SW PAD 35 Vdd! Vssg 9
XPAD PAD AMI160PADC
C1901.3FF

C2 Vdd! 0 36.5FF

C3 PAD 0 194.0FF

C450 12.6FF

C5302.3FF

C6 Vdd! 3 1.4FF

C7 PAD 5 8.9FF

ENDS

SUBCKT ami160_gnd PAD 3 Vdd!
XPAD PAD AMI160PAD

C1 Vdd! 0 180.4FF

C2 PAD 0 250.4FF
C33014.3FF

C4 PAD Vdd! 113.2FF

C5 PAD 3 6.8FF

ENDS

SUBCKT ami160 vdd PAD Vs
XPAD PAD AMI160PAD
C1Vss! 0 263.6FF

C2 PAD 0 202.8FF

C3 PAD Vss! 173.0FF

ENDS

SUBCKT ami160 NE PAD 46 Vdd! Vssg 12
XPAD PAD AMI160PADC
C11202.0FF

C2 Vdd! 0 35.0FF

C3 PAD 0 188.9FF

C460 12.3FF

C540 1.9FF
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C6 PAD 6 8.7FF

C7Vdd! 12 1.2FF

C84Vdd! 1.1FF

.ENDS

SUBCKT ami160 _in INunb Vss! IN Vdd! Vssg

XPAD INunb AMI160PAD

MIN INunb Vss! Vss! Vsst CMOSN M=10 W=12.80U L=1.60U AD=217.60P

M1P INunb Vdd! Vdd! Vdd! CMOSP M=10 W=19.20U L=1.60U AD=110.59P
M7N INb INunb Vss! Vsst CMOSN M=2 W=8.00U L=1.60U AD=19.20P PD=12.80U
M7P INb INunb Vdd! Vdd! CMOSP M=2 W=19.20U L=1.60U AD=46.08P PD=24.00U
M8N IN INb Vss! Vsst CMOSN M=2 W=16.00U L=1.60U AD=38.40P PD=20.80U
M8P IN INb Vdd! Vdd! CMOSP M=2 W=38.40U L=1.60U AD=92.16P PD=43.20U
C1Vssg 0 37.0FF

C2 Vdd! 0 154.9FF

C3INOS5.7FF

C4 Vssl 0192.9FF

C5 INunb 0 135.8FF

C6 INb 0 14.7FF

C7Vdd! Vss! 1.4FF

C8Vvdd! IN 5.5FF

C9Vssl IN 6.1FF

C10Vvdd! INb 7.8FF

Cl11Vssl INb 11.0FF

C12 Vdd! INunb 55.2FF

C13 Vss! INunb 144.7FF

.ENDS

SUBCKT ami160_big PAD 3 Vss Vdd!

XPAD PAD AMI160PAD

C1Vdd! 0217.8FF

C2 Vss! 0 231.4FF

C3 PAD 082.2FF

C43017.7FF

C5Vss! PAD 136.6FF

C6 Vdd! PAD 116.5FF

.ENDS

SUBCKT ami160_prot PAD Vss! Vdd! Vsg

XPAD PAD AMI160PAD

MIN PAD Vsdl Vssl Vsst CMOSN M=10 W=12.80U L=1.60U AD=101.10P

M1P PAD Vdd! Vdd! Vdd! CMOSP M=10 W=19.20U L=1.60U AD=55.00P

M2N PAD Vss! Vss! Vsst CMOSN M=6 W=8.00U L=1.60U AD=63.19P PD=37.38U
M2P PAD Vdd! Vdd! Vdd! CMOSP M=6 W=17.60U L=1.60U AD=50.42P PD=22.99U
C1Vssg 0 34.2FF

C2Vdd! 0 152.6FF

C3Vss! 0 224.0FF

C4 PAD 0 116.0FF
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C5 Vssyg PAD 7.6FF

C6 Vssl PAD 202.1FF

C7 PAD Vdd! 145.8FF

C8 PAD Vss! 9.4FF

C9Vss PAD 8.9FF

.ENDS

SUBCKT ami1l60 NW PAD 4 Vsd

XPAD PAD AMI160PADC

C1 PAD 0157.6FF

C2Vss! 0 164.2FF

C3Vss! PAD 168.3FF

.ENDS

SUBCKT demod 1345VGND 7

M14231CMOSN M=2W=13.60U L=5.60U AD=65.28P PD=36.80U A S=54.40P
M2 35VGND 1 CMOSN M=2 W=13.60U L=5.60U AD=54.40P PD=28.40U
M34537 CMOSP M=5W=13.60U L=5.60U AD=58.75P PD=24.96U AS=58.75P
M4 32 VGND 7 CMOSP M=5 W=13.60U L=5.60U AD=58.75P PD=24.96U
M52511CMOSN M=2 W=13.60U L=5.60U AD=65.28P PD=36.80U AS=43.52P
M62577 CMOSP M=2W=13.60U L=5.60U AD=65.28P PD=36.80U AS=43.52P
C150 80.4FF

C2 30 38.9FF

C32059.3FF

C4 VGND 0 57.8FF

C51053.6FF

C6 7 0 40.8FF

C7 40 20.5FF

C8452.3FF

C97522FF

C10VGND 2 2.3FF

C11534.9FF

Cl1242 2.2FF

C13524.5FF

Cl14 32 2.9FF

.ENDS

SUBCKT demod2al134567

M14231CMOSN M=2W=13.60U L=5.60U AD=65.28P PD=36.80U AS=43.52P
M26531CMOSN M=2 W=13.60U L=5.60U AD=65.28P PD=36.80U AS=43.52P
M34537CMOSP M=5W=13.60U L=5.60U AD=58.75P PD=24.96U AS=58.75P
M4 6237 CMOSP M=5W=13.60U L=5.60U AD=58.75P PD=24.96U AS=58.75P
M52511CMOSN M=2 W=13.60U L=5.60U AD=65.28P PD=36.80U AS=43.52P
M62577 CMOSP M=2 W=13.60U L=5.60U AD=65.28P PD=36.80U AS=43.52P
C15081.0FF

C23041.5FF

C32059.9FF

C41053.7FF
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C57 050.3FF

C6 6 0 30.6FF

C74021.0FF

C8452.3FF

C9751.5FF

Cl106 2 2.7FF

C11532.7FF

C127 3 1.3FF

C1356 2.4FF

Cl14 42 2.2FF

C1552 4.5FF

C16 32 2.6FF

.ENDS

SUBCKT rdbs v13INN 89INP 110

C1 18 CAPAMI1r6 SCALE=6594.56

*(C1=3956.74FF

C2 30 7 CAPAMI1r6 SCALE=4193.28

*C2=2515.97FF

C _C18Vsub! CAPAMI1r6P SCALE=6594.56

*C_C1=85.73FF

C_C27Vsub! CAPAMI1r6P SCALE=4193.28

*C_C2=54.51FF

vaub vsub! 0 dc O

M1 41NN 10 110 CMOSN M=4 W=33.60U L=4.00U AD=80.64P PD=38.40U

M2 5INP 10 110 CMOSN M=4 W=33.60U L=4.00U AD=80.64P PD=38.40U

M3 42033 CMOSP M=4 W=16.80U L=6.40U AD=46.06P PD=23.69U AS=45.31P
M4 52033 CMOSP M=4 W=16.80U L=6.40U AD=40.32P PD=19.92U AS=45.31P
M5 20 20 3 3 CMOSP M=4 W=16.80U L=6.40U AD=40.32P PD=21.60U AS=45.31P
M6 85 3 3 CMOSP M=28 W=27.20U L=4.00U AD=71.50P PD=36.34U AS=73.36P
M7 2121 33 CMOSP M=5W=27.20U L=4.00U AD=73.98P PD=38.08U AS=73.36P
M85 110 1 3 CMOSP M=2 W=44.00U L=2.40U AD=105.60P PD=52.16U AS=176.00P
M9 77110110 CMOSN M=28 W=27.20U L=4.00U AD=71.50P PD=36.34U

M108 7 110 110 CMOSN M=28 W=27.20U L=4.00U AD=71.50P PD=36.34U

M11 30 110 4 3 CMOSP M=3 W=40.00U L=2.40U AD=117.33P PD=59.20U

M12 109 110 110 CMOSN M=5 W=27.20U L=5.60U AD=82.65P PD=43.33U

M20 20 21 22 110 CMOSN M=10 W=26.40U L=4.00U AD=71.81P PD=37.12U
M?21 3522110 CMOSN M=5 W=26.40U L=4.00U AD=71.81P PD=37.12U

M22 3422110 CMOSN M=5 W=26.40U L=4.00U AD=71.81P PD=37.12U

M23 219110 110 CMOSN M=5 W=27.20U L=5.60U AD=73.98P PD=38.08U

M?24 229110110 CMOSN M=5 W=27.20U L=5.60U AD=73.98P PD=38.21U
M257 433 CMOSP M=28 W=27.20U L=4.00U AD=71.50P PD=36.34U AS=73.36P
C39098.3FF

C4 8 0 230.5FF

C57 0 358.2FF

C650217.1FF
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C7 4 0 206.5FF

C8106.8FF

C9INPO 33.1FF

C10INN 0 33.5FF

C11 3 0 458.4FF

C12 300 14.9FF

C13 220 79.9FF

C14 21 0 65.9FF

C15 20 0 95.3FF

C16 10 0 42.2FF

C17 110 0 467.5FF

C18 10 INP 1.3FF

C19204 1.8FF

C20225 1.3FF

C21 1107 12.3FF

C22 110 21 1.0FF

C2322 33.1FF

C24 10 INN 1.3FF

C252022 1.7FF

C26 422 1.3FF

C27 922 1.0FF

C2810 110 7.3FF

C29 110 3 6.5FF

C30 321 3.0FF

C31911059.1FF

C32472.2FF

C335326.2FF

C3487 3.3FF

C35921 1.0FF

C36451.8FF

C37 85 2.6FF

C3822 21 1.1FF

C39 20 34.2FF

C404 39.5FF

C41 109 3.4FF

C428 3 3.7FF

.ENDS

SUBCKT demod frameavdd demod2_in gnd pre_amp_inn pre_amp_out gain_inn
+ gain_out GNDalpf_inp sparel swclk1 nosource demodl_in reset VVout refmode
+ vref1 powerup_out Ibias demodl vout demod2_vout 40
XPADL refsample GNDavdd GNDa ami160 prot
XPAD2 vdd GNDa ami160 vdd

XPADS refbias GNDa vdd GNDa ami160_prot
XPADA4 vrefout2 GNDa vdd GNDa ami160_prot
XPAD5 GNDavdd GNDa vdd GNDavdd ami160 NE
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XPADG linregfb GNDavdd GNDaami160 prot
XPAD7 demod2_in GNDavdd GNDaami160_prot
XPADS linregoutA GNDa GNDavdd ami160_big
XPAD?9 linreginB GNDa GNDavdd ami160 big
XPAD10 vref2 GNDa 40 vdd GNDa ami160 _in
XPAD11 batteryB GNDa GNDa vdd ami160_big
XPAD12 batteryA GNDa GNDavdd ami160 big
XPAD13 gnd GNDa GNDa vdd ami160 big

XPAD14 cmp5in GNDavdd GNDa ami160_prot
XPAD15 vdd GNDa GNDa ami160_NW

XPAD16 cmp3in GNDavdd GNDaami160 prot
XPAD17 cmp2in GNDavdd GNDaami160_prot
XPAD18 pre_amp_inn GNDavdd GNDa ami160_prot
XPAD19 cmpbias GNDavdd GNDaami160 prot
XPAD20 swout GNDa GNDavdd ami160_big
XPAD21 pre_amp_out GNDavdd GNDa ami160_prot
XPAD22 gain_inn GNDavdd GNDaami160_prot
XPAD23 gain_out GNDavdd GNDaami160_prot
XPAD24 snvinl GNDa GNDa vdd ami160_big
XPAD25 GNDavdd GNDavdd GNDavdd ami160_SW
XPAD26 Ipf_inp GNDavdd GNDaami160 prot
XPADZ27 sparel GNDavdd GNDaami160_prot
XPAD28 swclkl GNDavdd GNDaami160 prot
XPAD29 nosource GNDavdd GNDaami160_prot
XPAD30 demodl_in GNDavdd GNDaami160_prot
XPAD31 reset GNDavdd GNDa ami160_prot
XPAD32 Vout GNDavdd GNDaami160_prot
XPAD33 refmode GNDavdd GNDaami160_prot
XPAD34 vref1 GNDavdd GNDaami160_prot
XPAD35 vdd GNDa GNDa ami160_SE

XPAD36 powerup_out GNDavdd GNDaami160 prot
XPAD37 Ibias GNDavdd GNDaami160 prot
XPAD38 demodl vout GNDavdd GNDaami160 prot
XPAD39 demod2_vout GNDavdd GNDaami160 prot
XPAD40 GNDa GNDavdd ami160 gnd

Vbatterya  batterya 0O dc O

Vbatteryb  batteryb 0O dc O

Vlinreginb  linreggnb 0 dc O

Vlinregouta linregouta O dc O

Vswinl swinl o d

Vswout swout O dc O

.ENDS

SUBCKT rdbs 1r2 3INN 8 9 INP 110

C1 18 CAPAMI1r6 SCALE=3727.36
*C1=2236.42FF
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C2 30 7 CAPAMI1r6 SCALE=2042.88

*C2=1225.73FF

C C18Vsub! CAPAMI1r6P SCALE=3727.36

*C_C1=48.46FF

C _C27Vsub! CAPAMI1r6P SCALE=2042.88

*C_C2=26.56FF

vaub vsub! 0 dc 0

M1 4 INN 10 110 CMOSN M=4 W=33.60U L=4.00U AD=80.64P PD=38.40U

M2 5INP 10 110 CMOSN M=4 W=33.60U L=4.00U AD=80.64P PD=38.40U

M3 42033 CMOSP M=4 W=16.80U L=6.40U AD=46.06P PD=23.69U AS=45.31P
M4 520 33 CMOSP M=4 W=16.80U L=6.40U AD=40.32P PD=19.92U AS=45.31P
M5 20 20 33 CMOSP M=4 W=16.80U L=6.40U AD=40.32P PD=21.60U AS=45.31P
M6 85 33 CMOSP M=28 W=27.20U L=4.00U AD=71.50P PD=36.34U AS=73.36P
M7 2121 33 CMOSP M=5W=27.20U L=4.00U AD=73.98P PD=38.08U AS=73.36P
M85 1101 3 CMOSP M=2 W=44.00U L=2.40U AD=105.60P PD=52.16U AS=176.00P
M9 77110 110 CMOSN M=28 W=27.20U L=4.00U AD=71.50P PD=36.34U
M108 7 110 110 CMOSN M=28 W=27.20U L=4.00U AD=71.50P PD=36.34U

M11 30 110 4 3 CMOSP M=3 W=40.00U L=2.40U AD=117.33P PD=59.20U

M12 109 110 110 CMOSN M=5 W=27.20U L=5.60U AD=82.65P PD=43.33U

M?20 20 21 22 110 CMOSN M=10 W=26.40U L=4.00U AD=71.81P PD=37.12U
M21 3522110 CMOSN M=5 W=26.40U L=4.00U AD=71.81P PD=37.12U

M22 3422110 CMOSN M=5 W=26.40U L=4.00U AD=71.81P PD=37.12U

M23 219110 110 CMOSN M=5 W=27.20U L=5.60U AD=73.98P PD=38.08U

M?24 22 9110 110 CMOSN M=5 W=27.20U L=5.60U AD=73.98P PD=38.21U
M257 433 CMOSP M=28 W=27.20U L=4.00U AD=71.50P PD=36.34U AS=73.36P
C39093.8FF

C4 80 223.2FF

C5 7 0 349.4FF

C650210.2FF

C740193.7FF

C8106.8FF

C9INP O 33.1FF

C10INN 0 33.5FF

C11 3 0 449.6FF

C12 30 0 14.9FF

C13 22 0 79.9FF

C14 21 0 65.9FF

C15 20 0 95.3FF

C16 10 0 42.2FF

C17 110 0451.1FF

C18 21 3 3.0FF

C194 20 1.8FF

C2021 9 1.0FF

C21 11021 1.0FF

C22 22 3 3.1FF
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C23 10 INN 1.3FF

C24 10 9 3.4FF

C25 11010 7.3FF

C26 INP 10 1.3FF

C27 229 1.0FF

C28 225 1.3FF

C29 2022 1.7FF

C304 22 1.3FF

C31 35 19.0FF

C32110 3 6.5FF

C33832.3FF

C34 20 34.2FF

C354 39.5FF

C36 110 9 51.7FF

C372122 1.1FF

C38 1107 11.2FF

C3985 2.6FF

C4087 3.3FF

C4145 1.8FF

C4247 2.2FF

.ENDS

SUBCKT demodres VVdd Vout Ibias Vss Vin Vref VGND
X1Vdd2Vout Ibias5 Vssrdbs 1r2
X2Vss5Vin Vref VGND Vdd demod
M1 Ibiasbias VssVss CMOSN M=5 W=27.20U L=5.60U AD=117.50P PD=41.28U
R1Vin 2 RPYAMI1r6 SCALE=395.56
* R1=10284.6 (width=4.00U)

R2 2 Vout RPY AMI1r6 SCALE=395.56
* R2=10284.6 (width=4.00U)
C1lVssO035.2FF

C2 2 040.9FF

C3 Vout 0 82.3FF

C4Vdd 0 37.3FF

C550 16.5FF

C6 Vin 0 12.8FF

C7 Ibias 0 18.6FF

.ENDS

SUBCKT demod2 Vdd Vout IbiasVss Vref VGND Vin
X1VddVout Vout Ibias4 Vssrdbs 1r2
X3Vdd98lbiasVGND Vssrdbs 1r2
X4Vdd 66 lbiasVin Vssrdbs vl

M1 IbiasbiasVssVss CMOSN M=5 W=27.20U L=5.60U AD=117.50P PD=41.28U
R1Vin9 RPYAMI1r6 SCALE=395.56
* R1=10284.6 (width=4.00U)

R2 9 8 RPY AMI1r6 SCALE=395.56
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* R2=10284.6 (width=4.00U)

C1Vvdd 0501.6FF

C290 29.9FF

C3Vss0463.5FF

C4Vout 0 104.7FF

C5 Vref 0 10.4FF

C64017.4FF

C7 VGND 0 13.5FF

C8Vin 0 68.3FF

C9 6 0 154.0FF

C10 Ibias 0 330.6FF

C118 0 107.9FF

Cl2VssVin 2.3FF

C13VssVGND 2.5FF

C14 Vref Vss 1.4FF

C15VinVss 2.3FF

C16 VGND Vss 1.4FF

C17 6 Vss 1.7FF

C18Vvdd Vout 1.4FF

C19Vdd Vss 1.2FF

C20 Vdd Ibias 5.1FF

.ENDS

SUBCKT nwdll_1b 1101
C11095.7FF

C2 101 0 844.9FF

C311012.8FF

.ENDS
X11234567891011121314151617 1819 20 21 22 demod_framea
X21201981317 3 demodres
X3115151998r4dbs 1r2
X412119822 32 demod2
X51671938rdbs 1r2
X61451938r4bs 1r2
X748nwel_1b

M1 191988 CMOSN M=5W=27.20U L=5.60U AD=117.50P PD=41.28U
M2 14 18 16 8 CMOSN M=5 W=27.20U L=5.60U AD=117.50P PD=41.28U
R1 10 11 RPYAMI1r6 SCALE=395.56
* R1=10284.6 (width=4.00U)

R2 11 12 RPYAMI1r6 SCALE=395.56
* R2=10284.6 (width=4.00U)
C115095.3FF

C2 12 0 56.8FF

C37046.1FF

C4 11 042.6FF

C5 22 0 20.9FF
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C6 90 18.2FF
C710018.4FF
C8 14 057.2FF
C96012.1FF
C1016 0 31.8FF
C11 8 0 898.8FF
C12 2 0 16.5FF
C1350 135.9FF
C14 18 0 46.6FF
C15 13 0 28.8FF
C16 8 4 2.9FF
Cl7811.7FF
C18 8 3 15.0FF
C1986 1.2FF
C20 8 21 2.6FF
C21322 1.1FF
C22451.2FF
C2319151.7FF
C24 71 15.5FF
C25231.1FF
C26 84 1.2FF
C27 819 7.0FF
C28 87 5.4FF
C29 18 14 3.2FF
C307 19 4.8FF
C31514.1FF
C32856.9FF
C334 3 1.5FF
C34 19 3 1.9FF
C35818.3FF
C36 191 11.5FF
C37533.7FF
C38 8 19 5.4FF
C39317.4FF

.MODEL RPYAMI1r6 R RES=26.0
.MODEL CAPAMI1r6P C CAP=0.013FF
.MODEL CAPAMI1r6 C CAP=0.600FF
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