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Abstract—Dual-phase lock-in amplifiers (LIAs) are designed to
extract information (amplitude and phase) from signals buried in
high noise levels. In spite of their popularity, their use has been
traditionally limited to input sinusoidal waves with symmetric
power supplies. This paper presents an algorithm that enables
single-supply analog LIAs to properly process input square waves.
Formed by linear equations, its computational implementation is
much simpler than that of the traditional sinusoidal algorithm.
Moreover, applied to battery-operated microcontrolled systems
where square signals can be generated by the embedded microcon-
troller, it presents intrinsic advantages such as simplicity, versatil-
ity, and reduction in power and size. Experimental results validate
the proposed algorithm, confirming its enormous possibilities in
sensing applications.

Index Terms—Lock-in amplifier (LIA), noise rejection, phase-
sensitive detection (PSD), sensor interfaces.

I. INTRODUCTION

R ECENT advances in portable sensing systems and smart
sensor interfaces rendered monitoring of hostile envi-

ronments, i.e., hitherto considered a formidable task, a dis-
tinct possibility. One of the main problems encountered by
the measurement systems is the presence of electrical noise,
whose sources are diverse but the result is always the same:
contamination of sensor output signals. In extreme cases, when
sensor output levels are very low compared to noise levels,
relevant signal information will get completely buried in nonde-
sired components. This phenomenon distorts the measurements
leading to failure of the processing capability of the monitoring
system, unless suitable improvements are effected in the signal
processing methods.

An interesting possibility in this direction is the lock-in
amplifier (LIA), which uses phase-sensitive detection (PSD)
technique to take out the data signal at a specific reference
frequency and reject noise signals at different frequencies with-
out affecting the measurement significantly [1]–[4]. LIAs have
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become a popular laboratory measurement instrument by virtue
of their versatility as a signal recovery system. Traditionally,
they have been used in diverse areas, such as radio astronomy,
nuclear magnetic resonance, electron spin resonance, and con-
trol of gas absorption stabilized lasers [3]. However, current
commercial LIAs, which are expensive, heavy, and power-
hungry, are not considered suitable for use in portable sensing
systems that utilize single-supply battery cells. However, anal-
ysis of PSD principles shows that implementation of “handy”
LIAs is possible [5]–[10].

A perusal of literature shows that both analog [7]–[10] and
digital [11]–[13] LIAs have been used as measurement devices
in sensor applications. Performing PSD operations by digital
signal processing techniques is a suitable option only when
the processing electronic device includes enough computing
power to undertake the mathematical operations needed. On
the contrary, for portable sensor applications, which contain
embedded low-power microcontrollers with limited computing
power, analog LIA is the best solution.

To the best of authors’ knowledge, there are no commercial
portable analog LIAs. Some commercial integrated circuits,
such as demodulators or analog multipliers, e.g., AD630 from
Analog Devices, indicate in their datasheet how they can be part
of a whole LIA, with appropriate additions [14]. However, their
supply voltages and consumption levels are still too high for
portable systems. Furthermore, in all the analog LIAs reported
so far, the system input is a sinusoidal wave [7]–[10]. However,
in microcontrolled systems, a more compact, low-voltage, and
low-power solution can be reached by considering, instead of a
sinusoidal input wave, a square one that can be obtained directly
from the digital output ports of the embedded microcontroller,
thus avoiding the need for additional electronic components,
such as sinusoidal oscillators or function generators.

The purpose of this paper is to propose, against this back-
ground, an algorithm that permits a single-supply dual-phase
analog LIA to properly process square waves buried in high
noise levels. It must be capable of recovering both amplitude
and phase by means of a low-power microcontroller, and
hence, its computational implementation must be as simple as
possible. The reliability and versatility of the novel algorithm
need to be experimentally tested. A preliminary approach to
this algorithm has been already advanced by these authors
earlier in [5] and [6]. This paper offers an in-depth development
of the dual PSD technique for processing of square signals,
showing recovery equations for both amplitude and phase.
Furthermore, the exhaustive experimental verification carried
out here improves the previously presented results.
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Fig. 1. Block diagram of an analog PSD system, consisting of a mixer and an
LP filter.

The remainder of the paper is organized as follows.
Section II presents the PSD technique, adapted to work in
single-supply mode. Section III describes in detail the new
proposed algorithm, which allows processing and recovering
information from square input signals. Section IV describes
the design, implementation, and characterization of a prototype
using commercial off-the-shelf components. Section V summa-
rizes the conclusions of this paper.

II. PSD TECHNIQUE

The simplest way to implement PSD technique [3] is shown
in Fig. 1. Typically, a device under test (DUT), i.e., normally a
sensor, is excited by a sinusoidal signal of known frequency ω
provided by an oscillator or function generator. The DUT gen-
erates an output signal, with the same frequency ω and arbitrary
amplitude AS and phase shift θ, i.e., Vsens(t) = AS sin(ωt+
θ). This signal enters the mixer stage, where it is multiplied
either by 1 or − 1, according to the value of a square reference
signal Vr having the same frequency and phase as those of the
excitation signal. The mixer output is a phase-sensitive rectified
version of signal Vsens. Then, by using a low-pass (LP) filter,
noise coupled at frequencies different than ω is canceled, and
the Vsens signal amplitude AS extracted according to [2]

Vout =
2AS cos(θ)

π
. (1)

This scheme does not provide any means to calculate the
phase shift θ; hence, it is suitable just for systems that do
not shift the phase of their excitation signal. Even in those
cases, condition θ = 0 is difficult to ensure; thus, for reliable
LIA implementations, additional phase-shift controller circuitry
should be included to have these signals in-phase.

This limitation can be solved by using, instead of a single
branch, a dual LIA, which includes a second PSD system (see
Fig. 2). Both branches are controlled by two square reference
signals having the same frequency and 90◦ phase shift between
them, i.e., Vr and Vr90 [2]. The dc signals at the outputs of both
X- and Y -branches are given by

VX =
2AS cos(θ)

π
(2)

VY =
2AS sin(θ)

π
. (3)

Fig. 2. Block diagram of a dual-branch LIA.

Thus, although the phase shift θ changes, it is possible to
recover both the signal amplitude and phase shift generated by
the DUT according to

AS =
π

2

√
V 2
X + V 2

Y (4)

θ = arctan(VY /VX). (5)

Therefore, the LIA scheme considered in this paper consists
of two parallel PSD branches, thus allowing the lock-in’s use
for sensors that can introduce phase shift. The conceptual
scheme of the processing system is shown in Fig. 3(a). If one
considers a single supply biasing from 0 to VDD, a quadrature
sinusoidal oscillator (or an equivalent stage) generates two
signals, which by means of comparators, become 0-VDD square
ones used as reference signals Vr and Vr90 for the two lock-
in branches. One of the sinusoidal signals provided by the
oscillator is also used as the excitation DUT signal. The DUT
output, plus a common-mode voltage VC added to keep the
signal within the supply range, is now given by

Vsens = VC +AS sin(ωt+ θ). (6)

The mixer, which forms the core block of the LIA, has to
be designed considering that it has to operate in single-supply
mode. Fig. 3(b) shows the proposed mixer stage. It is basically
a differential amplifier whose inputs are switched according to
the value of Vr (or Vr90) so that its operation is given by

V0X,0Y =

{
(VDD − Vsens), if Vr,r90 = VDD

(Vsens − 0V ), if Vr,r90 = 0.
(7)

Thus, the dc voltages VX and VY at the outputs of both LIA
branches are given by [15]

VX =
VDD

2
− 2AS cos(θ)

π
(8)

VY =
VDD

2
− 2AS sin(θ)

π
. (9)

These equations depend only on the sensor signal amplitude
and phase shift, and not on the mode voltage VC . From (8) and
(9), it is possible to obtain the sensor signal amplitude AS and
phase θ as functions of VX and VY

AS =
π

2

√(
VX − VDD

2

)2

+

(
VY − VDD

2

)2

(10)

θ = arctan

(
VY − VDD

2

/
VX − VDD

2

)
. (11)
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Fig. 3. Block scheme of a single-supply LIA for processing (a) sinusoidal and (c) square input signal. (b) Mixer stage adapted to work in single-supply operation.

Fig. 4. DUT signal Vsens and reference signal Vr waveforms.

In microcontrolled systems, the microcontroller itself can act
as an accurate wave generator, providing not sinusoidal but
square excitation and reference signals. Based on this approach,
the proposed LIA block scheme is shown in Fig. 3(c). The
microcontroller acts as a square-wave generator providing two
0–VDD quadrature square waves Vr and Vr90, which are used
as reference inputs for the two lock-in branches. The first ref-
erence signal is, in addition, used as the signal for exciting the
sensor. The main advantages of this configuration are size and
power reduction due to removability of quadrature oscillator and
comparators, as well as ease of programming and design sim-
plicity. On the other hand, (10) and (11) are not valid; hence, a
new algorithm to process PSD square signals must be developed.

III. PROPOSED ALGORITHM

Some previous works [2]–[4] have proposed techniques to
recover information using LIAs processing square signals.
However, none of them could offer a complete solution for
accurate recovery of amplitude and phase.

The novel algorithm described in this paper allows obtaining
the expressions of the lock-in outputs, i.e., VX and VY , by
analyzing how both the mixer stage and the LP filter process
square sensor signals. Fig. 4 illustrates the evolution in time

TABLE I
MIXER OPERATION MODES (VX BRANCH, ONE Vr PERIOD)

Fig. 5. Output signals VX and VY as a function of phase shift θ for square
input signal.

of the square DUT signal Vsens and the X-branch control
signal Vr. Depending on the DUT-to-reference phase shift θ, the
DUT output signal can be expressed as an alternate succession
of discrete voltage levels VC ±AS , where VC is again the
common-mode voltage and AS is the sensor signal amplitude

Vsens =

{
(VC −AS), if θ−π

ω < t < θ
ω

(VC +AS), if θ
ω < t < θ+π

ω .
(12)

Assuming Vsens and Vr as two periodic bivalued signals, the
X-branch mixer operation encloses four cases depending on the
high/low levels for Vsens and Vr, which result in four different
values at the mixer output, as summarized in Table I.
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TABLE II
RECOVERY VALUES FOR BOTH AMPLITUDE AS AND PHASE θ

Thus, VX can be calculated as the average value over a period
of signal Vr of the four cases obtained at the output of the mixer
stage presented in Table I, i.e.,

VX =
ω

2π

{(
θ

ω

)
· [VDD − (VC −AS)]

+

(
π − θ

ω

)
· [VDD − (VC +AS)]

+

(
θ

ω

)
· [VC +AS ] +

(
π − θ

ω

)
· [VC −AS ]

}

=
VDD

2
−AS +

2AS

π
θ. (13)

Because of Vsens discontinuities, (13) is defined only in a
closed domain [0, π] of the θ variable. To generalize it for any
θ value within the [0, 2π] range, symmetry properties of cosine
functions can be applied, obtaining the following expression:

VX =
VDD

2
−AS +

2AS

π
arccos (cos(θ)) . (14)

For the Y -branch, output VY can be similarly calculated.
Assuming that its control signal Vr90 is π/2 shifted from Vr,
then the phase shift between Vsens and Vr90 is θ − π/2. Thus,
VY is given by

VY =
VDD

2
−AS +

2AS

π
arccos

(
cos

(
θ − π

2

))
=

VDD

2
−AS +

2AS

π
arccos (sin(θ)) . (15)

From the analyzed results, it is worth noting that, when using
a sinusoidal excitation, the equations to recover VX and VY

are smooth functions [see (8) and (9)]. However, for signals of
square-wave excitation, the corresponding recovery expressions
(14) and (15) are piecewise functions of the phase shift θ, as
shown in Fig. 5. Thus, it is possible to get their values over
the full [0, 2π] range by applying the corresponding piecewise
linear expressions

VX =

{(
VDD

2 + 2AS

π θ −AS

)
, if 0 < θ < π(

VDD

2 − 2AS

π θ + 3AS

)
, if π < θ < 2π

(16)

VY =

⎧⎨
⎩

(
VDD

2 − 2AS

π θ
)
, if 0 < θ < π/2(

VDD

2 + 2AS

π θ − 2AS

)
, if π

2 < θ < 3π
2(

VDD

2 − 2AS

π θ + 4AS

)
, if 3π

2 < θ < 2π.
(17)

To sum up, by analyzing (16), (17), and Fig. 5, it becomes
clear that the method suitable for recovering DUT signal pa-

Fig. 6. Photograph of the LIA prototype (53 mm × 32 mm).

rameters AS and θ consists in dividing the full θ interval
[0, 2π] into four subintervals, each of π/2 size (separated in
Fig. 5 by vertical dotted lines), and selecting the suitable VX

and VY expression in each case. The system finds out the
correct subinterval by comparing the relative values of VX

and VY with respect to VDD/2, according to Table II. These
output expressions depend on the same variables as those
in the sinusoidal case, i.e., the signal amplitude AS and the
phase shift θ introduced by the DUT. A remarkable feature of
these expressions is that, again, there is no dependence on the
common mode VC .

Note that the just described system operation can remind
to a phase detector within a phase-locked loop (PLL) [16].
However, the goal of a phase detector in a PLL is to compare the
phase between two signals, whereas the proposed system looks
for an accurate measurement of both the phase and amplitude
of the DUT output signal.

IV. EXPERIMENTAL VERIFICATION

A. Hardware Implementation

To validate this algorithm, an analog low-voltage single-
supply LIA has been implemented using low-voltage low-
power compliant commercial components. A voltage level of
3.3 V has been selected for powering up the devices as a typical
bias voltage in portable sensing systems.

The designed LIA (see Fig. 6) consists of a double mixer
stage, X and Y , followed by two LP filters, respectively, pro-
viding the dc signals VX and VY that are needed for obtaining
AS and θ. Each mixer is composed of two ADG719 2 : 1
multiplexers from Analog Devices and a unity gain differential
amplifier AD8476 from Analog Devices. Finally, each LP filter
is a passive RC circuit with a cutoff frequency in the hertz
range.
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Fig. 7. Block diagram of the experimental setup.

Fig. 8. Vsens for a noise level of (top) null amplitude and (bottom) noise
amplitude value of 500 mV.

Fig. 7 shows the experimental setup block diagram. Input
signal Vsens is a noisy square-wave signal centered on a dc level
VC . This dc level places the signal between supply levels, for
a proper function of the commercial components, while noise
amplitude can be modified. For accurate control of the LIA
working conditions during the test, all the control signals of the
system are created in a function generation block. This block
provides two square-wave signals in quadrature (Vr, Vr90) at
the same frequency, used as control signals, plus an additional
square signal that is used to excite the DUT. These three
square waves are generated by AD9834 numerically controlled
oscillators (NCOs) from Analog Devices, using a 10-MHz
quartz crystal as a reference for signal generation. The NCOs
are connected to a microcontroller by SPI [17], and all of them
are triggered with the same signal provided by the microcon-
troller, which consequently allows control phase shift between
them. The desired phase in the Vsens signal is thus selected by
properly triggering the corresponding NCO.

Fig. 8 shows Vsens in the presence of two different noise
levels. The signal on top is Vsens with a noise level of null
amplitude, whereas the one on the bottom illustrates noise am-
plitude fifty times higher than the ideal data signal amplitude.
Figs. 9 and 10 show the waveforms obtained throughout the
LIA. Fig. 9(a) and (b) shows the outputs of multiplexers, i.e.,
switched between GND and Vsens(V0LX,0LY ) and between
Vsens and VDD(V0HX,0HY ), also of the differential amplifiers
V0X and V0Y . Fig. 10 provides the dc outputs VX and VY from
the mixer signals V0X and V0Y .

Fig. 9. Outputs of the multiplexers. (V0HX , V0LX , V0HY , V0LY ). Theoret-
ical V0X and V0Y signals (V0HX − V0LX , V0HY − V0LY ). Experimental
V0X and V0Y . (a) X-branch. (b) Y -branch.

Fig. 10. LP filter inputs (V0X , V0Y ) and outputs VX , VY .

TABLE III
TEST SIGNALS’ CHARACTERISTICS

To avoid losing information, both VX and VY have to be
precisely digitized. Several tests were carried out by using
different ADC resolutions from 8 to 24 bits. As expected, higher
number of bits allows reading smaller variations in the target
signal. The results shown in Figs. 12–14 were obtained by using
18-bit digitization provided by two 24-bit LTC2400 ADCs from



AGUIRRE et al.: SQUARE-SIGNAL-BASED ALGORITHM FOR ANALOG LOCK-IN AMPLIFIERS 5595

Fig. 11. Error in both phase and amplitude recovery for (a) signal A and (b) signal B buried in noise. Markers: (x) Phase error with white noise, (�) amplitude
error with white noise, (•) phase error with flicker noise, and (+) amplitude error with flicker noise.

Fig. 12. Error in (a) amplitude and (b) phase recovery as a functions of the frequency for different SNR levels. In all cases, As = 22 mV.

Linear Technology. With 18 effective bits of resolution over
a power supply voltage reference of 3.3 V, the algorithm is
sensitive enough to read out signals of tens of microvolts.

B. Experimental Results

The performance of the designed analog LIA in recovering
information from signals buried in high noise levels has been
evaluated with controllable noise levels. Two different noise-
free square signals denoted hereafter as signals A and B have
been utilized. Table III presents their characteristics, which are
in the same range as that of the previously reported analog LIAs
working with sinusoidal inputs [7]–[10]. Both signals allow the
application of the proposed algorithm with a great number of
sensors, which work at frequencies of tens of kilohertz giving
very noisy output signals.

1) White and Flicker Noise Tests: First, the system has
been tested using signals buried in both white noise [18],
[19] and flicker noise [19], [20]. Flicker noise was generated
using a USB6212 data acquisition (DAQ) board from National
Instruments, with a corner frequency of 100 kHz; white noise
was generated using a 33522A function wave generator from

Agilent Technologies, with a noise bandwidth of 100 MHz.
Noise levels are defined using the signal-to-noise ratio (SNR),
given by the following equation:

SNR = 20 · log10
AS

ANOISE
. (18)

Error levels achieved in recovering signal amplitude and
phase at different conditions and noise types are shown in
Fig. 11. Fig. 11(a) shows the errors for both types of noise
versus different SNR levels for signal A. In this case, error
remains below 5% for SNR levels down to −30 dB. Fig. 11(b)
shows the corresponding results for signal B. In this case, the
error remains below 5% for SNR levels down to −20 dB.

Furthermore, Fig. 12 shows the signal recovery error versus
operating frequency. The frequency ranges from 1 to 99 kHz
in 2-kHz steps, and measurements correspond to a signal am-
plitude of 22 mV buried in different white noise with SNR
levels up to −39 dB. As shown, amplitude error [see Fig. 12(a)]
remains below 7% in all cases, whereas phase recovery [see
Fig. 12(b)] is more frequency dependent and less tolerant to
noise, providing an error below 8% for SNR = −25 dB over
all the frequency range.
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Fig. 13. Amplitude recovery for signal A buried in 100-mV-amplitude sinusoidal interference whose frequency is around the main frequency components of the
square data signal: (a) first harmonic, (b) third harmonic, and (c) fifth harmonic.

TABLE IV
INTERFERENCE TEST RESULTS

2) Interference Tests: The other typical signal perturbation
is interference, which has been provided by the DAQ board.
For single harmonic data signals (e.g., sinusoidal), when noise
frequency differs from that of data signal, noise can be com-
pletely rejected, as mentioned in Section II. For a square
data signal, formed by a main frequency plus the contribution
of successive odd harmonics, the results obtained by adding
sinusoidal interference noise frequencies show that error is
negligible in the spectrum as a whole, except for interference
frequencies close to the first harmonics. Experimentally, for
operation frequencies up to around 40 kHz, the number of
harmonics presenting a dead band (i.e., a frequency span in
which error is higher than 2%) is three, whereas for frequencies
from 40 to 100 kHz, the interference affects only the two first
harmonics and the effects in the fifth harmonic are negligible.

Fig. 13(a)–(c) shows the amplitude recovered when sen-
sor signal A has interference that concurs with the first [see
Fig. 13(a)], third [see Fig. 13(b)], and fifth [see Fig. 13(c)]
harmonics. It is shown that there is a maximum dead band of
40 Hz around these harmonics where the error drastically in-
creases. A more exhaustive analysis shows that dead band span
remains below 40 Hz for signal frequencies from 1 to 100 kHz.
Table IV presents the effects of harmonic interference for
signals A and B.

C. Practical Applications

Experimental results have been obtained assuming a perfect
square signal buried in noise as a response of a sensor, which
can be realistic in certain applications, such as acoustic or
optical sensors [21] However, in applications such as capacitive
or resonant sensors where more specific solutions can be found

[22], the sensor itself distorts the square wave, thus reducing
the chance of accurate recovery of the output signal amplitude.
However, the usual goal of such applications is to obtain the
resonance frequency, which can be done by performing a fre-
quency sweep and phase tracking [23], [24]. Therefore, despite
the error in amplitude recovery being high in such cases, the
algorithm can carry out phase measurements accurately, thus
obtaining the resonance frequency, as shown in [25]. To support
this statement, Fig. 14 shows phase tracking in a frequency
sweep for a resonant RLC configuration excited by a square-
wave signal and compares the results to the measurements ob-
tained with the classical sine approach and with a commercial
DSP LIA 7265 from Signal Recovery. The maximum slope in
all the curves [see Fig. 14(a)] matches at the same frequency
[see Fig. 14(b)], which is the resonance frequency.

V. CONCLUSION

This paper has presented an algorithm that can accurately
recover amplitude and phase from square signals buried in high
noise levels, by means of an analog dual-phase LIA.

First, theoretical estimation has been explained in detail,
starting with the classical PSD techniques using sinusoidal
signal and justifying the need for a new algorithm that can
process square signals. Second, the proposed algorithm has
been picked apart in every possible scenario, providing the
reader with a detailed explanation on how the recovery works.

An exhaustive experimental verification has been done, ac-
curately controlling the test conditions by means of an external
signal generation block. Results validate that the proposed
algorithm can recover low signals down to 9-mV amplitude and
10-kHz frequency buried in −30-dB noise levels with less than
5% error. It is also shown that frequencies up to 76 kHz and
22-mV-amplitude signals buried in −20-dB noise levels can be
recovered with less than 5% error.

Use of square signals for exciting sensor reduces size
and power consumption because microcontroller can act as a
square-wave generator. Moreover, it also improves versatility
and computational simplicity of the detection system. These
features allow the implementation of a low-power LIA similar
to the one described in Section IV in a portable sensing system,
such as an intelligent node of a wireless sensor network or a
distributed control system, using it in combination of a wide
range of sensors.
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Fig. 14. (a) Phase measurements and (b) slope calculations using (dash) classical algorithm, (square markers) commercial LIA, and (solid) proposed algorithm.
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