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Design and Analysis of Low-Distortion
Demodulators for Modulated Sensors

Steven lan Moore
Andrew J. Fleming

Abstract—System-based demodulators in the form of a
Kalman and Lyapunov filter have been demonstrated to
significantly outperform traditional demodulators, such as
the lock-in amplifier, in bandwidth sensitive applications,
for example, high-speed atomic force microscopy. Building
on their closed-loop architecture, this paper describes a
broader class of high-speed closed-loop demodulators. The
generic structure provides greater flexibility to indepen-
dently control the bandwidth and sensitivity to out-of-band
frequencies. A linear time invariant description is derived,
which allows the utilization of linear control theory to design
the demodulator. Experimental results on a nanopositioner
with capacitive sensors demonstrate that the realization of
arbitrary demodulator dynamics while achieving excellent
noise rejection.

Index Terms—Amplitude estimation, demodulation, fre-
quency estimation, phase estimation, transducers.

|. INTRODUCTION

EMODULATION istypically aslow processrequiring the

measurement of a signal over many cycles to accurately
extract amplitude, phase, and frequency information. The low
measurement bandwidth is detrimental for applications, such
as electrostatic [1] and electrothermal [2] MEMS sensing,
capacitive tomography [3], inductive displacement sensing [4],
[5], precision position control [6] using capacitive sensors [7],
and dynamic mode atomic force microscopy [8]. For the |atter,
the lock-in amplifier [9] has been adopted as the standard
demodulation principle [10]. However, this method generates
frequency componentsin the output signals at plus/minus twice
the carrier frequency. These frequency components, denoted
image signals in this paper, are distortions in the amplitude,
phase, and frequency measurements and must be removed by
low-pass filtering, thereby limiting the demodulation band-
width. To aleviate the bandwidth limitation, a number of
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high-speed demodulator designs have been reported [11]-{19].
These demodulation techniques are surveyed and compared
in[10].

In order to reject the image signal without filtering, the
high-bandwidth lock-in amplifier [15] employs an all-passfilter
to phase shift the input signal by 90° at the carrier frequency
in order to perform image rejection. In another method, the
numerical integration performed by FIR filters in the digital
lock-inamplifier [14] naturally generates zeros at the harmonics
of the carrier frequency to reject the image signal [10]. In both
cases, the dependency between carrier frequency and the filter
parameters limits the robustness of the demodulators for fast
changing input signals and the filters require retuning for a
change in carrier frequency.

In contrast, system-based demodulators in the form of a
Kaman filter [16], [17] and Lyapunov filter [18], [19] have
demonstrated amplitude and phase estimation at high band-
widths without the image signal. However, due to thefirst-order
response of the present system-based demodulators, the result-
ing frequency responses have afixed 20 dB/decade attenuation,
thus disturbance frequency components are not significantly
rejected and can distort the measurement signal. The parameters
used to tune the Kalman and Lyapunov demodulator allow only
bandwidth to be specified and not stop-band attenuation. While
the Lyapunov filter architecture can be generalized to allow for
the direct design of higher order demodulators [20], the exact
transformation does not allow for arbitrary filter responses.

This paper proposes a demodulator based on a general
Lyapunov closed-loop architecture, for which an approximate
linear time invariant (LTI) description is derived and presented
in Sections 111 and V. This approach alows LTI controller
design tools to be employed to define the characteristics of the
demodulator. Furthermore, models are presented that predict
the dynamic response of the proposed demodulators from the
in-phase and quadrature states of theinput signal to thein-phase
and quadrature states of the estimate. These models accurately
predict the experimental performance in Section V. Finally,
Section VI demonstrates the use of the proposed demodulator
in a capacitive sensing application.

Il. ARCHITECTURE AND DESIGN FORMULA OF THE
PROPOSED DEMODULATOR

The proposed demodulator and the design formula are ini-
tially presented for the benefit of practitioners implementing
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Fig. 1. Schematic of the demodulator.

thissystem. The subsequent Sections|l1 and IV present analysis
upon which the design formulais based.

A. Architecture
The demodulator estimatesthe in-phase and quadrature states
of an input sinusoidal signal. Theinput signal is
y(t) = A(t) sin(wct + ¢(t)) @
= yr (1) sin(wct) + yo (t) cos(w,t) 2
where A(t) istheamplitude, ¢(t) isthe phase, y; isthein-phase

state, vy isthe quadrature state, and w, isthe carrier frequency.
The characteristic equations that define the demodulator are

wr(t) = K sin(wet)(y(t) — x(t)) ®)
zq (1) = K cos(wt)(y(t) — z(t)) @)
x(t) = xy(t) sin(w.t) + z¢g (t) cos(w,t) (5)

where z; and z are estimates of the states y; and yg,
respectively, K isan LTI system, and x is an estimate of the
input. Fig. 1 shows a block diagram implementation of the
characteristic equations.

This architecture is a derivative of the Kalman filter based
demodulator architecture [17] with two modifications. First,
the Kalman gains are replaced by the signals cos(w.t) and
sin(w.t) [see (3) and (4)] as it was demonstrated empirically
that the Kalman gains settle to sinusoidal signals with a 90°
phase shift between them [17]. Second, theintegrationsrequired
for the state update in the Kalman filter are replaced with the
system K.

The demodulator operates as follows: the difference between
theinput signal y and itsestimate = formstheerror signa e. The
error signal ismixed with in-phase and quadrature sinusoids and
then filtered by the operator K, resulting in the estimated states
(xr,z¢). Findly, the estimated states are fed back and mixed
with in-phase and quadrature sinusoids to form the estimate .
With an appropriate choice of K, the estimated states (z;, z )
converge toward the input states (y7, yo ).

From the in-phase and quadrature (IQ) demodulation, es-
timates for amplitude, phase, and frequency can be obtained

d,
Vi@ 1> K A.é)_._m

Fig. 2. Block diagram of the linear model of the in-phase half of the
demodulator. The output disturbance d, models the image and cross-
coupling signals and linearization errors.

from
A=, /af + 2] (6)
6= tant (22 ™
rw=% ®)

where Aw is the difference between the frequency of the input
signal and the carrier frequency [21].

B. Design Formula

The mapping from the input states (y;, y¢ ) to the estimated
states (x7,x¢) in the Laplace domain can be approximated
by the linear model, as shown in Fig. 2. For linearization, the
demodulation of the error signal is modeled as a gain of %
and the mixing-induced image and cross-coupling signals are
treated as output disturbances. In the Laplace domain, thelinear
model is

Xi(s) = 5y oY) =TV @
Xo(s) = 4 e Vo) = Tols) (10

where T'(s) is the complementary sensitivity function. 7'(s) is
the design parameter defining the characteristics of the demodu-
lator. It must be stable and have alow-pass frequency response.
Then, the transfer function of the system K is computed from
_2T(s)

K(s) = T-T(s)"
The analysis which justifies the design equation in (11) is
provided in Section V.

(11)

C. Selection of T'(s)

The two design specifications for the demodulator are track-
ing bandwidth and off-mode rejection as described in [10].
These specifications are parameterized by the transfer function
T'(s). The tracking bandwidth characterizes the time taken for
the estimated states (x7,z¢) to converge to the input states
(yr,yg) and is specified as the bandwidth of the transfer
function T'(s).

The off-mode rejection L(Aw) characterizes the sensitivity
to other frequency components and is defined as the ratio in
magnitude response at a frequency offset Aw from the carrier
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frequency with respect to the response at the carrier frequency

_ TG+ A0)|

L) = =11 G (12

Ill. LAPLACE DOMAIN DESCRIPTION OF THE DEMODULATOR

The exact linear time varying model is important to under-
stand the nuances of the demodulator’s performance, and to
provide abasisfor the LTI approximations used for design. The
analysis in this section derives the transfer functions that map
the input states Y7 (s) and Yy (s) to the estimated states X (s)
and X (s) in the Laplace domain. A condensed notation is
used in this paper to express the frequency shifted versions of
the signals and systems that compose the demodulator. For the

system K this notation is
K, = K(s+ jmw,). (13)

This notation is also used for Yi(,,), Yo ), Xi(m)s XQ(m)-
Substituting (2) and (5) into (3) and (4) and applying the
Laplace transform leads to the following expressions for X; g
and XQ(()):

1 .
Xi = 780 [~Yi(2 +2Vi(0 = Yip) — Yo (-2

+ Y02 + Xr(-2 — 2X10) + X1(2)
+5Xq(2 —iXo@] (14)

1 .
Xq(0) = 750 [Yo(-2) + D10 + Yo —iVi(-2)

T Y12 — Xo(-2 = 2Xq0 — Xo(2
+ X2 —iXi2] - (15)
Solving for X;(g) and X (o) resultsin the equations
Xi0) = Ho [-Yi(-2) + 2Yi(0) = Yi(2) = 1Y (-2)
T Yo + Xi(-2 + X1z +7Xq(-2)
—iXo 2] (16)
Xo(0) = Ho [Yg(-2) + 2 (0) + Yo(2) — iY1(-2)
T3V — Xo(-2 — Xo2 +iXi(-2
—jX12)] (17)
where
Ko

H, = 4"
m 1+%Km

(18)
To proceed with theanalysis, (16) and (17) arefrequency shifted
by +2w..
Xioy=H 2 [-Yi—ay +2Y1(_2) — V(o)
—3Yo (-4 +7Yq(0) + Xr(-9 + Xr(0
+7Xq-9 — i X0 (29)
Xq(-2) = H2 [Yo(-a) + 2Yg(-2) + Yo(0) = iV1(-a)

+ JY10) — X (-4 — Xq(o)

+iX1—a) — i X1(0)] (20)
Xi2) = Ha [~Y1(0) + 2Y1(2) — Yi(a) — 1Yo (0)

+ jYq + Xio) + Xra) + 7 Xo 0

—jXq )] (21)
Xo@ = H2 [Yo(0) + 22 + You — V10

+ 314 — Xq(o) — Xq(a) +7X1(0)

—iX1a] - (22)

Equations (19)—(22) are substituted into (16) and (17). These
substitutions result in the terms X;(_z), Xg(-2), X1(2), Xq(2),
Xr(-a), Xq(-4), X1(a), and X 4) being eliminated resulting in
the following expressions:

Xr0) = Ho| — Yi(—2) +2Y0) — Yr(2) — jY0 (-2

+7Yo(2) + 2H_2(X1(0) — 1 Xq(0) — Yi(0)
+Yi(2) + Y00 +7Yo(2) + 2H2(X1(0)

+iXq(0 — Yito) + Yie) — iYoo) — iYoo)
(23)

X0 = Ho|Yg(-2) +2Yg(0) + Yg(2) — 7Y1(-2)

+ Y112 + 2H-2(Xq(0) + i X1(0) — Yo(0)
~Yo(-2 — 7Y +3Yi(-2) +2H2(Xq(0)

~ X110~ Yoo ~ Yo + Y0 — iYi)]-

(24

Equations (23) and (24) are solved for X;(q) and X o) and (18)

is substituted into the result. This produces the input—output
transfer functions of the demodul ator

Ko KO
2(Ko+ K »+2) 2(Ko+ K2+ 2)
Ko(2Ko+ K 2+ K+ 4)
2(Ko+ K 2+ 2)(Ko+ Kz +2) '
- iKo o iKo
2Ko+ K 2+2) ¢ 2(Kor Ko+ 2) 9@

JKo(K 2 — K»)
Y
t R r K212 (Kot Kor2) 0
JKo JKo
Yo+ =—F——77—-=Y]
(Ko+ K 2+2) "2 2(Ko+ K, +2) '?
JKo(K-2 — Kp)
- Y7 (0)
2(Ko+ K2 +2)(Ko + K2 + 2)
Ko Ko

Yo(io+ 5o,
20Ko+ K 2+2) 92T Ko+ K, +2) 92

Ko(2Ko+ K 2+ K2+ 4)
20Ko+ K 2+ 2)(Ko+ K>+ 2)

Xi(s) = — Y2 — Yi(2)

+

(25)

Xo(s)= —3

_|_

(26)

Yo (s).
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The abovementioned equations show how frequency shifted
versions of the input states map to the estimated states. An
aternative arrangement of these equations shows how theinputs
map onto different frequency-shifted estimated states. These
relationships in the Laplace domain are

Xi(s+ 2jw.) = =Ta(s)Yr(s) — jTa(s)Yo (s) (27)
Xi(s) =Tp(s)Yi(s) + Tc(s)Yo(s) (28)
Xi(s = 2jw.) = =Tp(s)Yi(s) + jIp(s)Yo(s)  (29)
Xo(s+2jwe) = —jTa(s)Yi(s) + Ta(s)Yo(s)  (30)
Xq(s) = ~Tc(s)Yr(s) +Tr(s)Yq(s) (31)
Xq(s—2jwe) = jTp(s)Y1(s) + T (s)Yq(s). (32)

Equations (27) and (30) define the image signal s resulting from
a frequency upconversion, and (29) and (32) define the image
signals resulting from a frequency downconversion. The up-
converting transfer function 7' (s), the direct-coupling transfer
function T’z (s), the cross-coupling transfer function 7t (s), and
the downconverting transfer function T, (s) are

K>

Ta(s) = 2 L Kyt 2) (33)
T = g K Dt Rt
Tels) = 3ke s ‘Zi(f 2?(;(5317{2 Ty &
Tp(s) = 52 (36)

Z(K_g + Ko+ 2) '

IV. LTI ANALYSIS

This section examines LTI approximations of the exact linear
time varying model presented in Section |11 and the conditions
under which they are valid. The LTI approximation in (37) is
the design formula presented in Section I1.

A. LTI Approximations of the Demodulator

The transfer function Ky should have a high gain at low
frequencies and its magnitude response should roll-off as the
frequency increases. A high gain is necessary for the estimated
states to converge toward the input states. The roll-off is
necessary to suppress artifacts that occur due to the mixing
in the demodulator. With these characteristics, thereis aregion
R; centered at s = 0 in the s-domain where the high gain of
K dominates the shifted transfer functions K, and K_,, that is
|Ko| > | K3| and | Ko| > | K_5|. An example showing the high
gain of Ky anditseffect on T (s) isvisualizedin Fig. 3. In Ry,
Tp (s) hasan LTI approximation

Ko
Ko12 (37)
The performance of T3 (s) in region R; is important because
theinput states (x;, z ) are expected to be primarily composed

of frequency componentsin R;. While T (s) could be specified
directly, the computation of the corresponding K is difficult.

Tg (S) ~ T(S) for s € R;.

—_— (5
10 4 — Tis)
5~

1

z 5

3 \

E“ -10 -

Z 5 A

—20

—25

M) e
10" 10' 10° 10° 10°

Imaginary Axis

Frequency (kHz)

Fig. 3.  For the high-gain integrator Ko = @ (left) shows the magni-
tude of K>, Ko, and K _,, along with the four regions under which LTI
approximations of T’z (s) are derived. (right) shows the discrepancies of
Ty (s) from T'(s) in each region.

However, making the LTI approximation 7'(s) the primary
design parameter of the demodulator, the computation of Kg
istrivial.

The example in Fig. 3 shows three additional regions in the
s-domain over which the characteristics of 75 (s) need to be
considered during design. Theregion R, centeredat s = —2jw,.
is dominated by K, and is characterized by |K;| > | Ko| and
| Ko| > | K_2|. With this characterization Tz (s) has an LTI
approximation

Ko(s) 1
2(Fo(s) 1 2) 2T( s)fors e R,
which shows a reduction of 6 dB in the magnitude response in
thisregion. The sameexpressionisderived for theregion around
s = 2jw,.. For region Rg, for s far from —jw, , 0, and jw,, the
transfer functions K_,, Ko, and K, converge toward the same
value. Here, the LTI approximation of T (s) is

Tp(s) ~ (38)

Tp(s) =~ for s € Rs. (39

ZKO
For large Ko, the R3 LTI approximation has 6-dB attenuation
compared with T'(s) and approaches T'(s) as the Ky becomes
small. LTI approximations in R, and R3 do not significantly
diverge from 7'(s).

The final region R4, centered at s = —jw,, is where the
transfer functions Ko and K, have a similar magnitude. T (s)
can diverge from the LTI approximation 7'(s) depending on
Ko, as shown in the example in Fig. 3 which shows peaking
occurring in Tz (s) in R4. When Ky has significant gain at
s = —jw. (and equivalently a s = jw.), Ts(s) should be
evaluated at s = —jw, to ensure that it does not excessively
diverge from the nominal transfer function 7°(s).

B. Suppression of the Cross-Coupling and
Image Signals

The 1Q cross-coupling describes the transfer of energy from
yo — xy and y; — x¢ with no frequency shift. Cross-
coupling resultsin an error in the estimated states. The transfer
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Modulator
Vit oy YW ] — A(t)
Demodulator > Xi(t)
. - XQ(t]
sin(w,t)
Fig. 4. Block diagram of the experimental setup. The input in-phase

state y;(t) is modulated then demodulated resulting in the amplitude
estimate A(t), and estimated states x;(¢) and z¢ (t). A high-pass filter
removes dc offsets introduced in the analog electronics.

function describing the cross coupling is T¢ (s) from (35)

JKo(K 2 — K>)
2(Ko+ K2+ 2)(Ko+ K2 +2)

As the magnitude of K is increased, the magnitude response
of the cross-coupling transfer function goes to zero, that is,
|Tc (s)] — 0as|Kp| — oo. Thus, in frequency bands where
K (s) hasahigh gain, the cross coupling is suppressed.

The same effect occurs for the image signals that are the
distortions appearing in the output of the demodul ator dueto the
mixing-induced frequency shifting. The two transfer functions
from (33) and (36) which describe the mapping from the input
states to the image signals are

Tc(s) = (40)

K>
)= A+ Kot D) “
Tp(s) = s (42)

Z(K_z + Ko+ 2) '

As the magnitude of Kj is increased, the magnitude of the
up- and downconverting transfer functions tend to zero, that is,
|T4(s)| — Oas|Ko| — oo, and |Tp(s)| — Oas|Ko| —
oo. Thus, in frequency bands where K (s) has a high gain, the
image signals are suppressed.

The Lyapunov design [18] and the Kalman filter design [16]
are realized with an integrator

(43)

This filter has infinite gain at zero frequency, resulting in the
complete suppression of the image signal in the estimated
outputs for constant input states y; and yq, .

V. EXPERIMENTAL RESULTS

The experimental setup is shown in Fig. 4. The demodulator
is implemented on a Xilinx Kintex-7 FPGA and analog 10 is
performed withthe4DSPFMC151 analog card at 122.88 M SPS.
A modulator is used to generate theinput signa y(¢) using only
an in-phase signa y; (t) and zero input quadrature state. With
zero input quadrature state, a nonzero quadrature estimate is
used to identify cross coupling.

A. Nominal Versus Experimental Performance

A set of demodulators are designed to demonstrate the ability
of the proposed design method to obtain arbitrary bandwidth

and off-mode rejection. In al cases the carrier frequency is set
to 50 kHz. To demonstrate selection of off-mode rejection, four
demodulators are designed with 7'(s) specified asaButterworth
filter with fixed bandwidth of 25 kHz from first order tofourth or-
der. To demonstrate selection of bandwidth, four demodulators
are designed with T'(s) specified as a second-order Butterworth
filter with varying bandwidths of 5, 10, 25, and 50 kHz.

For each of the designed demodulators, the direct-coupling
response from y;(t) to A(t) is characterized by frequency
response functions (FRFs), as shown in Fig. 5(a) and (b),
and step responses, as shown in Fig. 5(c) and (d). Fig. 5(a)
demonstrates that the rate of attenuation in the experimental
response matchesthe order of 7'(s). Fig. 5(b) shows an accurate
bandwidth specification for the 5, 10, and 25 kHz demodul ator.
For the 50-kHz demodulator, peaking is observed at the carrier
frequency.

The discrepancy between the nominal and experimental re-
sponsesoccur for frequency componentsat the carrier frequency
(50 kHz) and at twice the carrier frequency (100 kHz). The
discrepancies between the nominal and experimental responses
are greatest for the lower order and higher bandwidth 7'(s). In
addition, the image signal is clearly observed in the transient
response of the first-order filter in Fig. 5(c). This indicates
that greater attenuation at the carrier frequency and twice the
carrier frequency corresponds to a close match between the
demodulator response and LTI approximation.

B. Estimation of the Direct- and Cross-Coupling FRFs

The second-order 50-kHz Butterworth demodulator has the
greatest discrepancies between the nominal and experimental
FRF. The expected transfer function from Y;(s) to X(s) is
the direct-coupling transfer function 7 (s) from (34). Despite
azero input quadrature state, a quadrature estimate is expected
due to the cross-coupling transfer function 7¢(s) from (35).
Fig. 6 shows the experimentally measured FRFs from y; to the
estimated in-phase z; and quadrature x states. The expected
FRFs from the transfer functions in (34) and (35) match the
experimental results at all frequencies except for the notches
present near the carrier frequency.

The presence of these notches occurs during experimental
characterization of the FRF due to the presence of an image
signal. When the frequency of the input tone y; is set to the
carrier frequency w., an image signal with frequency w,. is
present inthe estimated states. To quantify thiseffect, theup- and
downconverting transfer functions T4 (s) and T (s) must be
considered. The magnitude of the FRFs at the carrier frequency
are denoted (A7, Ap) and are evaluated as follows:

Ar =T (jwe) — Ta(—jwe)| (44)
AQ = | = Tc (jwe) — jTa(=jwe)l- (45)

The expected and experimental A; and Ao &t the carrier
frequency 50 kHz are noted in Fig. 6. Note that the minimum
value of the notchesdo not lie at 50 kHz. Characterization of the
entire notch requiresanalysisto include the frequency responses
of thefilters within the lock-in amplifier.
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Fig. 5. Arbitrary selection of bandwidth and off-mode rejection is demonstrated with the shown set of amplitude FRFs and step responses. The

nominal response is that of the specified LTI complementary sensitivity function 7'(s). (a) FRF: 25-kHz Butterworth with varying orders. (b) FRF:
second-order Butterworth with varying bandwidth. (c) Step: 25-kHz Butterworth with varying orders. (d) Step: second-order Butterworth with varying

bandwidth.

s [n-phase

e Quadrature
Expected

At 50 kHz:
In-phase Experimental: -8.392 dB
Quadrature Experimental: -8.184 dB
Expected In-phase + Image: -8.544 dB
Expected Quadrature + Image: -8.544 dB

Magnitude (V/V,dB)
1

40 -

- - ——r—r—T—
Frequency (Hz)

Fig. 6. Experimentally measured FRF from the input in-phase state
yr to the estimated in-phase x; and quadrature y states. The nom-
inal transfer function is a second-order 50-kHz Butterworth filter. The
expected frequency response is overlayed and the expected values at
the carrier frequency are annotated.

C. Estimation of the Image Signals

To compare the expected and experimentally observed image
signals, the input state y; to the system in Fig. 4 is set to a
10kHz, 350 mV sinusoid and the demodulator is designed with
anominal LTI response of a second-order 25-kHz Butterworth
filter. The double-sided FFT of the estimated amplitude, and
estimated states are shown in Fig. 7 in which the estimate and
image signals are clearly observed. The magnitude of these
signalsarelisted in Tablel.

a In-Phase FFT
g2 =i Estimate
2
E:
'qu 100
i)
=
) —— Quadrature FFT
= 2 In
g2 =i Estimate
2
E:
‘2
=71}
(]
=
) —— Amplitude FF
= saplisde FET Images
2 A Estimate
2
E:
'qu 100 <
(]
=
10’ 10’
Frequency (Hz)
Fig. 7. FFT of the estimated states and amplitude with y; set to a

350 mV 10 kHz sinusoid. The nominal transfer function is a 25 kHz, 2nd
Butterworth filter. The estimate at 10 kHz and the image signals at 90
and 110 kHz are the dominant components.

At the input frequency wq, the expected magnitude of both
Y7 (jwo) and Y7 (—jwp) are —15.11 dB. The expected val ues of
the estimates are

X1 (jwo) = Tr(jwo) Y7 (jwo)
Xq (jwo) = =T (jwo) Y7 (jwo).

(46)
(47)
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TABLE |
ESTIMATED STATES, AMPLITUDE, AND IMAGE SIGNALS WITH 10 KHz
350 MV SINUSOIDAL EXCITATION

Expected (V, dB)  Experimental (V, dB)

In-phase

Estimate at 10 kHz -15.11 -15.18
Image at 90 kHz -48.50 -47.65
Image at 110 kHz -52.03 -51.04
Quadrature

Estimate at 10 kHz -52.50 -52.40
Image at 90 kHz -48.50 -47.56
Image at 110kHz -52.03 -51.16
Amplitude

Estimate at 10 kHz -15.11 -15.17
Image at 90 kHz -48.50 -47.54
Image at 110kHz -52.03 -51.14

The nominal transfer function is a 25 kHz, second Butterworth filter.

X Capacitive

Probe

Vo
Demodulator |——

_(v:\,)\.rE

(b)

Fig. 8.
cosine signal. The system F filters the resulting product to suppress the
distortion to produce the in-phase and quadrature estimate (i(¢), q(t)).
(b) Capacitive sensor setup.

(a) Lock-in amplifier mixes the input signal y(¢) with a sine and

Theimage signa at 90 kHz results from the negative frequency
(—wp) component of the input in-phase state being upconverted

X1 (j(2we — wo)) = —Ta(—jwo) Y7 (—jwo) (48)
X (j(2we —wo)) = —jTa(—jwo)Yr(—jwo).  (49)

Theimage signal at 110 kHz resultsfrom the positive frequency
(wo) component of the input in-phase state being upconverted

X1(j(2we +wo)) = —Ta(jwo) Y7 (jwo) (50)
Xq(j(2we +wo)) = =T (jwo) Y (jwo)- (51)

The expected and experimental magnitudes for the in-phase and
quadrature signals closely match. This validates the modeling
and analysisused in (46) and (51). The amplitudeimage signals
are evaluated numerically using (6).

VI. CAPACITIVE SENSING APPLICATION

In this section, a capacitive sensing application for the pro-
posed demodulator is examined. In addition, experiments are
performed with alock-in amplifier [see Fig. 8(a)], whichis con-
sidered to betheindustry standard for sensor demodulation. Like
the proposed demodulator, the lock-in amplifier isimplemented
on a Xilinx Kintex-7 FPGA.

Thearchitecture of the capacitive sensor isshownin Fig. 8(b).
A capacitive structure is formed from a capacitive probe (Mi-
crosense 2804) and a metal target. The metal target is fixed
to a nanopositioner (Pl P-733.3DD) alowing its displacement

Lock-in Amplifier with T

50 —

Mag. (dB, V/V)

-75

Proposed Demodulator with T
Lock-in Amplifier with 73 1
Proposed Demodulator with T
Lock-in Amplifier with T3
== = Proposed Demodulator with T3

100 ———— ey

Phase (*)

Frequency (kHz)

Fig. 9. Frequency response functions of the three characteristic sys-
tems realized using the lock-in amplifier architecture and proposed
demodulator architecture.

x, and thus its capacitance, to be varied. A charge amplifier
with a 0.5 pF reference capacitor C' measures the charge
flowing into the capacitive probe C, . The charge measurement
is demodulated to derive the sensor output. The characteristic
equation of the capacitive sensor is

C+C,
C

where V, is the amplitude estimate from the demodulator, and
V. isthe amplitude of the capacitive sensor 25 kHz excitation.

The performance of three demodulator specifications are
considered. The nominal system T3 is a 250-Hz fourth-order
system, T5 isa 250-Hz first-order system, and 73 isa 12.5-kHz
first-order system. Thetransfer functions of thenominal systems
are

Vo=Ve (52)

1

1) = Gearx 10 % 1 1) 3)
1

T2(5) = (63662 x 1095 7 1) &4

Ty(s) = : (55)

(12732 x 10 %5 1 1)

The first-order responses of 7, and 73 can be realized with
Lyapunov and Kalman filter based demodulators. However,
the Kalman filter implementation is computationally complex
due to the Kalman gain update step which requires a matrix
inversion. Both filters are inherently fixed to first order and
a selected tracking bandwidth is found by empirically tuning
a gain variable. In contrast, the proposed method provides a
direct design approach allowing for higher order responses and
selection of bandwidth without tuning.

Compared to thelock-in amplifier, the proposed demodul ator
is more complex due to its feedback architecture and additional
multipliers, but significantly reducesthe distortion of high band-
width and low order designs. Fig. 9 shows the experimentally
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Fig. 10. Output of the capacitive sensor (time domain and FFT) while the capacitance is varied at 10 Hz. There are six output signals for

permutations of the two demodulator architectures and the three characteristic systems 73, 7%, and 73. (a) T; (250 Hz 4th Order). (b) Ty (250 Hz

1st Order). (c) T3 (12.5 kHz 1st Order).

TABLE Il
IMAGE SIGNAL AT 50 KHz IN THE OUTPUT SIGNAL OF THE CAPACITIVE
SENSOR FROM FIG. 10

Bandwidth  Order  Lock-in Amplifier Proposed Demodulator
(Hz) Image Signal (mV) Image Signal (mV)
250 4th 0.00219 0.00135

250 15t 10.3 0.00210

12500 18t 513 0.0775

measured FRFs of these systems implemented with both the
lock-in amplifier and proposed demodulator architecture. The
results show that the dynamics of both demodulator architec-
tures match closely.

With sinusoidal motion induced in the meta target,
Fig. 10(a)—(c) shows the output voltage of the capacitive sensor
along with its FFT for al demodulators and Table Il lists
the magnitude of the image signal at 50 kHz. The 250-Hz
fourth-order system performs aggressive filtering and there
is no observed difference between demodulator architectures.
However, as the order is reduced and/or the bandwidth is
increased, the magnitude of distortion in the output signal
increases. Thedistortion is particularly prominent in thelock-in
amplifier architecture. In the 12.5-kHz first-order system, an
image signal at 50 kHz has a magnitude of 513 mV. Thisimage
signal is suppressed in the proposed demodulator architecture.
Theharmonic componentsat 25 and 75 kHz in both architectures
aredueto nonlinearitiesinthe capacitive sensor instrumentation,
and harmonics that exist in the excitation voltage.

The performance benefits of the proposed demodulator com-
pared to a lock-in amplifier are observed when applying feed-
back control using a capacitive sensor, as shown in Fig. 11(a).
The closed-loop step responses of this system are shown in
Fig. 11(b). The fourth-order demodulators heavily suppress
the image signal but erode stability margins due to their ad-
ditional phase lag compared to the first-order demodulators,

Controller The Plant '

Ky
i

Capacitive
Sensor '

Reference

Nanopositioner

-
g
S
2l
&n
£ = Lock-in Amplifier Ist Order 250 Hz
=] Proposed Demodulator 1st Order 250 Hz
= == Lock-in Amplifier 4th Order 250 Hz
w= Proposed Demodulator 4th Order 250 Hz
=== Reference
T Ll T Ll T T T 1
0.0 25 5.0 7.5 10.0 12.5 15.0 17.5
Time (ms)
(b)
Fig. 11. (a) Block diagram of the system in feedback, k; = 7000.

(b) Step responses of the closed-loop system using different demod-
ulator architectures, and characteristic systems.

as observed with their additional overshoot. However, with
the less aggressive filtering of the low-order demodulators,
the image signal distorts the sensor output when using the
lock-in amplifier architecture. This distortion is absent using
the proposed demodulator.

VII. CONCLUSION

Thispaper outlinesademodulator architecturewith improved
image rejection compared to lock-in amplifiers. The absence
of the image signal permits greater bandwidth and the use of
low-order dynamics. The dynamics of the proposed linear time
periodic system are modeled, from which an LTI approximation
is formed, which facilitates the use of linear control design
methods to synthesize the demodul ator.
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The experimental results demonstrate the ability to arbi-
trarily tune both the bandwidth and off-mode rejection of
the demodulator, which cannot be achieved with previously
reported high-speed demodulators, such asthe Kalman filter and
Lyapunov filter based demodul ators. Experimental resultsverify
the derived frequency responses and presence of distortion in
the estimated states.

The proposed demodulator architecture provides a greater
degree of design flexibility which alows the response to be
tailored to the specific requirements of an application. As such,
this eliminates the demodulation process as a constraint on
system design and performance.
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