MTT2014 IOP Publishing
IOP Conf. Series: Materials Science and Engineering 66 (2014) 012007  doi:10.1088/1757-899X/66/1/012007

Circuits for differential signal extraction in the lock-in
amplifiers

P Baranov and T. Bukrina
National Research Tomsk Polytechnic University, Tomsk, 634050, Russia

E-mail: bpf@tpu.ru

Abstract. Confirmation of the metrological characteristics of measuring transducers
provides maximum accuracy of the method of comparison with the standard
instrument.  Practical application of this technique is impossible without accurate
instruments. As a measurement instrument to ensure the resolution of the order of several
nanovolts when comparing two AC signals over a wide dynamic range, widely used lock-in
amplifier with a differential input. The paper presents the results of the analysis of circuits
based on operational amplifiers for comparing two signals and extraction differential signal in
lock-in amplifier with a differential input. Common-mode rejection ratio for each of the
circuits was estimated.

1. Introduction

Upon confirmation of the metrological characteristics of measuring transducers provides maximum
accuracy of the method of comparison with the standard instrument. Practical application of this
technique is impossible without accurate instruments of compare, resolution which largely determines
the minimum measurement error. As a measurement instrument to ensure the resolution of the order of
several nanovolts when comparing two AC signals over a wide dynamic range, widely used lock-in
amplifier with a differential input (LI1A).

The input stage of LIA providing simultaneous comparison of the two voltages and the extraction
of the differential signal is the key terms of increased the dynamic range compared voltages and
maximum resolution.

The paper presents the results of the analysis of circuits based on operational amplifiers for signal
comparison and measurement of the differential signal in LIA.

2. Extraction circuits of differential signal
In modern LIA with a differential input used circuits based on operational amplifiers (op-amp) to
extraction the differential signal [1-3].

Output voltage U, of the op-amp will considered as a function of the differential Uy and common-
mode U, voltages at the inputs of op-amp.

Uout: f(Ud’Ucm):KdUd +Kchcm' (1)

where Ky — the gain of the differential signal;
Kem — common-mode signal gain.
Solving equation (1) relative to the differential signal Uy we are get:

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1



MTT2014 IOP Publishing
IOP Conf. Series: Materials Science and Engineering 66 (2014) 012007  doi:10.1088/1757-899X/66/1/012007

U, /Ky ifU, =0
Ud:h_ Ucm :{ out d cm (2)

Kd KCMMR _Ucm / KCMRR if Uout =0’

where Kewrr = Ky /Ken— common-mode rejection ratio (CMRR).

CMRR in comparison circuits based on the op-amp depends on two components: accuracy ratio of
resistance in signal lines and the internal structure of the specific op-amp.

For different extraction circuits of the differential signal based on op-amps will evaluate CMRR.
Since the value of CMRR determines the maximum resolution when comparing two similar signals.
Analysis of the circuits will be carried out at DC with internal CMRR — oo.

2.1 Subtraction circuit using summing op-amp
Subtraction signals can be accomplished by adding to the inverted one of the input signals [4]. The
circuits carries out this operation is shown in figure 1.
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Figure 1. Subtraction circuit using summing op-amp

Op-amp DA inverts the input voltage Uy, on condition of equality resistors R; and R, at the output
voltage is:

U, =K,U,—KU,.

out +-x (3)

Input signals represent as the sum of the common-mode and differential voltages in the inputs of
op-amp DA, (4) and substitute in (3) to estimate the CMRR.

Ux:Ucm+U_dand UOZUcm_U_d' (4)
2 2
(K, +K.)
Uge = (K, —K)U, +Tud;
K., =K, —K; (5)
K, = K, + K_'
2
From equation (5) CMRR is:
1 K, +K.
KCMRRZE'K K (6)



MTT 2014

IOP Conf. Series: Materials Science and Engineering 66 (2014) 012007

IOP Publishing
doi:10.1088/1757-899X/66/1/012007

If the resistance Rs/K. and Rs/K_ differ by value AK; then:

K, =K, + AK, :
" (7)
K =K, -—¢%.
2
Then, substituting (7) in (6):
— Kd

=— 8
cmrr AKd ( )
Consequently, the common-mode rejection ratio is inversely proportional to the difference between
the resistances R3/K, and R3/K..

2.2 Subtraction circuit using one op-amp
Figure 2 shows the subtraction circuit using one op-amp.
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Figure 2. Subtraction circuit using one op-amp

Superposition is used to calculate the output voltage resulting from each input voltage:

t z&. KU, —KU,.
1+K,)
To estimate CMRR substituting (4) in (9):

9)
=(K+—K_)U +(K++K_+2K+K_)U.
*+K,) T 2(1+K,) @
K, ==K, (10)
" (1+K,)
K (K +K +2K,K))
.=

2(1+K,)
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From equation (10) CMRR is:

K, 1 (1+K)K,+(1+K,)K.
Koy = 4= <. - Sy 11
MKy 2 (I+K)K, - (1+K, K. ()

cm

If the resistance R./K, and Ry/K_ differ by value AKy then substituting (7) in (11):
Kd
AK,

Kewrr = A+ Ky) (12)

Consequently, at constant Ky common-mode rejection is inversely proportional difference
resistances R,/K, and Ry/K_ and directly proportionally to the gain of the differential signal. Thus, in
the above circuits CMRR will depend on the accuracy of the ratio of resistances in the signal lines and
on the sources output impedance of the compared signals.

2.3 Subtraction circuit using instrumentation amplifier
The instrumentation amplifier (IS) [5-6] is a precision amplifier unit with a differential input and
closed-loop. IS provides a gain of the voltages difference between the two input signals, weakening
any signals that are common to both inputs.

The most widely used IS circuit consisting of three op-amps (figure 3).
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Figure 3. Instrumentation amplifier circuit consisting of three op-amps

IS constructed on a two-stage circuit, the first stage consists of op-amps DA;, DA, and resistors Ry,
R2, Re, has a the balanced input and high input impedance. The second stage consists of the op-amp
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DA; and resistors Rz, Ry, Rs, Rg, forms the subtraction circuit on one op-amp, which is shown in
figure 2. Using graph theory, we construct the signal graph for IS on the three op-amps (figure 4)

Figure 4. Signal graph for IS on the three op-amps

Amplifiers DA; and DA, we assume perfect, then on the basis of their inputs equipotential voltage
Uy, simultaneously acts in the first and second nodes of the graph, and the voltage U,, simultaneously
acts in the third and fourth nodes. Using the principle of superposition, we find that the voltage U in
fifth node of the graph is generated by transmission noninverting voltage U, of the first node and the
inverting transmission voltage U, from the third node circuit:

U, = 1+i 0—&UX. (13)
RG RG
Similarly, we obtain an expression for the voltage U':
U= 1+ ) —&UO. (14)
RG RG

The output voltage of the second stage and respectively output voltage of the IS:
_ (1+K)

= K.U' —-KU/. 15
out (1+ K+) X -0 ( )
Under the condition of equality K, and K_ output voltage of the IS:
R
Uout:(Ux_UO)Kdl:(Ux_UO){l_FM}a (16)
G

where Ky, - differential signal gain in first-stage.
To estimate CMRR substituting (4) in (15) considering expressions (13-14):

(K+ — K-)
oul: Ucm+
(1+K,)

+(K+ +K_+2K,K )R; +2[K.R, + KR, + K+K_(R1+R2)]U
2R, (1+K,) ¢

(17)

From equation (17) CMRR:
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(K, + K +2K,K )R, +2[K.R,+KR +K K (R +R,)]

K =
CMRR ZRG (K+ _ K)

(18)

If the resistance R4/K. and Ry/K. differ by AK, and resistance R; and R, differ by value AR,
substituting (7) and (19) into (18) we obtain:

R1=R+ﬁ;
R,=R——.
2
Ky +K§—AKS)(R; +2R)  2AR
KCMRR:( i i d) 2 + . (20)

2AK, R, Rs

From expression (17) shows that the gain of common mode signal in the first stage is 1.
Consequently CMRR will increase proportional gain the differential signal of the first stage.

CMRR does not depend on the sources output impedance of the compared signals in IS. Despite
the fact, what CMRR depends on internal resistances of the first and second stages, they are practically
identical for IS in integrally fabricated with laser trimmed resistances. This fact is a decisive advantage
when choosing IS to compare two signals and extraction the differential signal in L1A as compared to
the above discussed circuits.

Gain in IS set by changing the resistor Rg (figure 3). If an external resistor used, then its accuracy
and temperature coefficient is directly influence on accuracy and drift of differential gain IS, also
decrease CMRR (20). It is expedient to choose 1S with programmable gain, since in such IS resistor
Re matched with the other elements on the nominal resistance and temperature coefficients, for
maximum accuracy and linearity of the gain in operating frequency band.

3. Conclusion
Analysis circuits based op-amps for comparing two signals and extraction differential signal was
performed. Common-mode rejection ratio for each of the circuits was estimated.

Proposed use instrumentation amplifier integrally fabricated with programmable gain for
comparing two signals. Since such instrumentation amplifiers common-mode rejection is practically
independent of the internal resistances and the resistor determines the gain of the differential signal
matched with the other elements on the nominal resistance and temperature coefficients, for maximum
accuracy and linearity of the gain in the range of operating frequencies.
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