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Abstract. The article discusses the fundamental dependencies and provides an example of a new 
type of signal converter for physical quantities that are related in the tested object. The review 
consolidates a relatively niche but critical area: dual-source bridge circuits, which are often 
scattered across instrumentation and sensor literature. Three key objectives are as follows: to 
systematically review dual-source bridge circuits used as signal converters, particularly in the 
context of sensors that measure interrelated physical quantities (e.g., strain and temperature); to 
analyze existing circuit topologies and conversion principles used in such systems; and to assess 
the applicability, limitations, and performance of various bridge configurations across different 
sensor applications. Performance metrics like sensitivity, linearity, and temperature compensation 
are often superior in dual-source setups when compared to single-source designs. Signal 
processing and calibration complexity can be reduced at the hardware level using these bridge 
configurations. Several circuit implementations offer trade-offs between complexity, power 
consumption, and accuracy. The literature review and bibliographic data on dual-source circuits, 
experimental studies, and prototype designs of dual-current DC bridges as prototype transducers 
of signals of associated quantities and their application are included. Further functions of these 
circuits in future systems are outlined.  
Keywords: dual-source bridge circuits, strain sensors, RTDs, multivariate measurements, 
mathematical modeling of electrical circuits. 

1. Introduction 

Information about the condition of an object is obtained in the form of signals from both direct 
studies of its mathematical model parameters and indirect signals obtained through the use of 
sensors [1-2]. This information is used for monitoring, testing, measurement control, and 
automation. The values of these parameters must be numerically determined by taking into 
account their determined and random connections with one another, as well as the changes that 
result from their interaction with external quantities. Usually, these quantities have a non-selective 
influence on the signals that are measured [3]. It is only possible to get a signal regarding the 
influence of one quantity on the others stabilized in limited situations, such as laboratory tests. 
Usually, signals depend on several interrelated parameters of the observed object [4].  

When using sensors, the signals they generate are influenced by a variety of influencing 
quantities, such as ambient temperature [5]. An example of this is the strain gauge measurement. 
The change in resistance of a strain gauge is influenced by both its deformation and its ambient 
temperature. An additional temperature sensor or the same non-deformable strain gauge can be 
used to test or compensate for the impact of changes in the output signal from the temperature of 
its surroundings [6-7]. Thus, the effect it has on the signal can be compensated in either the analog 
or digital part of the data acquisition system. If the strain gauge experiences self-heating due to 
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excessive current flowing through it, an attempt to increase sensitivity may result in additional 
error in the signal. 

However, this undesirable effect of temperature changes on the strain gauge resistance can 
also be used to measure the actual temperature of the transducer and to correct its influence on the 
output signal. Such a possibility occurs, for example, when using a differential sensor with two 
identical strain gauges - compressed and stretched [8]. If the resistance changes in strain gauges 
due to changes in deformation as a result of the measured force or its moment are of different 
signs, and if the resistance changes associated with temperature change are of the same sign, it is 
feasible to measure both quantities simultaneously. To achieve this purpose, two output signals 
should be created in the measuring system, i.e., one for the difference of the resistance changes of 
sensors and another for the sum. The first one, the basic one, depends on strain gauge 
deformations, and the second one, an auxiliary one, depends on changes in the sensor temperature. 
This second signal can also be used to correct the effect of temperature change on the initial value 
of sensor resistances and the strain gauge differential sensor’s sensitivity coefficient [9]. 

The first author, Z. L. Warsza, proposed the two-output unconventional bridge circuits fed 
with two current sources [10-12] and then with two voltage sources [13]. These circuits enable the 
development of transducers and systems that conduct the simultaneous measurement of two 
changing parameters. It was suggested to name them dual-source bridges. They constitute a unique 
type of circuit system that has not been previously described in the literature. In addition, the 
author has created theoretical foundations for balanced and biased dual-source bridges for direct 
current (DC) and alternating current (AC), principles of estimating their signals and accuracy, and 
examples of applications. They are discussed in numerous works, such as the monograph [13]. 
The circuits were also suggested to have names and symbols: dual-current bridge (2J) and 
dual-voltage bridge (2E), with two outputs: open circuit voltage (2U) or short circuit current (2I). 

In balanced dual-source bridge circuits, the sources should be the same, or the output signal 
values should be averaged when switching sources. If these signals are not coming from balanced 
outputs, these sources must also have known and stable values. With direct current sourcing, two 
output signals can be obtained simultaneously as a function of bridge immittances, i.e., resistances 
or conductances, or the sums and differences of their changes from the equilibrium states of the 
outputs [14]. The AC dual-source bridge circuits can be used to measure the components of two 
impedances and their changes. There are several examples of such applications given in [13]. 

Most existing literature focuses on single-source Wheatstone bridges. There is a limited 
side-by-side comparison of single-source vs. dual-source performance in terms of sensitivity, 
linearity, noise immunity, and power consumption. There is insufficient analysis of error sources 
in dual-source configurations. Dual-source bridges are less common in integrated sensor systems 
or ASIC designs. Based on these research gaps, the motivations for reviewing dual-source bridge 
circuits include: 

– Enhancing linearity and range: Dual sources allow dynamic balancing or compensation, 
which improves linearity and sensitivity for sensors with nonlinear characteristics. 

– Improving signal-to-noise ratio: By using two sources with opposite-phase or differential 
characteristics, dual-source bridges can better reject noise and common-mode interference. 

– Support for advanced sensing technologies: Many modern sensors (e.g., strain gauges, 
MEMS piezoresistive, and bioelectric sensors) require differential or bidirectional excitation. 

– Energy efficiency and adaptive excitation: Systems using dual-source bridges can implement 
smart excitation (e.g., pulsed or modulated sources), which enables energy-saving strategies, 
especially in battery-operated or remote devices. 

– New functional capabilities: Dual-source bridges can enable novel functionalities, such as 
real-time calibration, self-diagnostics, and multi-sensor interfacing, which are not feasible in 
conventional single-source bridges. 

The analysis of simultaneous measurements of quantities associated with dual-source bridges 
requires providing basic relations that describe both types of their operation. An example of 
measuring two quantities (stress and temperature) with a differential strain sensor in both types of 
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dual-source bridges will be presented. The current state of experimental research in this field and 
recommendations for future research directions will also be addressed. Publications in this field, 
including some in Polish, are listed in the bibliography. 

2. The dual-current resistive bridge circuit and its basic relationships 

Fig. 1 presents two circuits in the form of a loop with resistances 𝑅ଵ...𝑅ସ and differently 
connected current sources. With a single DC source, e.g., current 𝐽 connected to the terminals AB 
(Fig. 1(a)), a classic Wheatstone bridge with output CD is obtained; this circuit is provided for 
comparison. The second circuit consists of two DC sources, 𝐽ଵ and 𝐽ଷ, connected in parallel to the 
opposite terminals, e.g., AC and BD, in the direction of cooperation. There are two different 
variants, (b) and (c), of signs of voltage imbalance at the outputs from the dual-current circuit’s 
terminals AB and DC. Classical and multi-source bridge circuits differ not only in the number of 
power sources but also in the manner in which they are connected and the number of outputs. 

 
a) Conventional 4R bridge 
supplied by current 𝐽 via 
terminals AB and with 

output DC; 𝑅ଵ𝑅ଷ ≠ 𝑅ଶ𝑅ସ 

 
b) Dual-current bridge-circuit supplied 
by two sources 𝐽ଵ = 𝐽ଷ parallel to AC 
and BD terminals with 2 outputs: DC 
and AB, 𝐽ଷ = 𝐽ଵ + Δ𝐽, 𝑅ଵ𝑅ଶ ≠ 𝑅ଷ𝑅ସ 

 
c) Dual-current bridge-circuit supplied 
by two sources 𝐽ଵ = 𝐽ଷ parallel to AC 
and BD terminals with 2 outputs: DC 
and AB, 𝐽ଷ = 𝐽ଵ + Δ𝐽, 𝑅ଵ𝑅ସ ≠ 𝑅ଶ𝑅ଷ 

Fig. 1. Current supplied resistance bridge-circuits;  
the sign + or – means a resistance change (increment or decrement) 

The dual-current circuit, shown in Fig. 1(b) and Fig. 1(c), has two DC sources 𝐽ଵ and 𝐽ଷ 
connected sideways (parallel to the opposite branches of the 4R system, e.g., 𝑅ଵ, 𝑅ଷ or 𝑅ଶ, 𝑅ସ) in 
the direction when their currents cooperate. This bridge circuit provides two voltage outputs, AB 
and DC. According to the theory of linear electric circuits, the passive four-terminal network has 
an equivalent circuit with six impedances in the form of a quadrilateral with diagonals [13]. It can 
be considered as a simplified two-port network, with two inputs and two outputs. The full 
formalized matrix description of such a system is too complicated to use for an unloaded passive 
four-terminal network. For further consideration, the formulas for two output voltages on both 
terminals AB and CD of this system are sufficient. For unequal currents 𝐽ଵ ≠ 𝐽ଷ, the following 
output voltages of the dual-current bridge are obtained [13]: 

𝑈஺஻ = 𝐽ଵ 𝑅ଵሺ𝑅ଷ+𝑅ସሻ∑𝑅௜ − 𝐽ଷ 𝑅ଷሺ𝑅ଵ + 𝑅ଶሻ∑𝑅௜ , (1)𝑈஽஼ᇱᇱ = 𝐽ଵ 𝑅ଷ (𝑅ଵ + 𝑅ସ) ∑𝑅௜ − 𝐽ଷ 𝑅ଵ(𝑅ଷ+𝑅ଶ)∑𝑅௜ . (2)

Or: 

𝑈஺஻ = 𝐽ଵ  𝑅ଵ𝑅ସ − 𝑅ଶ𝑅ଷ ∑𝑅௜ −  Δ𝐽 (𝑅ଵ + 𝑅ଶ)𝑅ଷ∑𝑅௜ , (3)
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𝑈஽஼ᇱᇱ = 𝐽ଵ  𝑅ଵ𝑅ଶ − 𝑅ଷ𝑅ସ ∑𝑅௜ −  Δ𝐽 (𝑅ଵ + 𝑅ସ)𝑅ଷ∑𝑅௜ , (4)

where Δ𝐽 ≡ 𝐽ଷ − 𝐽ଵ. 
For two identical current sources 𝐽ଵ = 𝐽ଷ ≡ 𝐽 the formulas are simplified, i.e.: 𝑈஺஻ = 𝐽 𝑅ଵ𝑅ସ −  𝑅ଷ𝑅ଶ∑𝑅௜ , (5)𝑈஽஼ᇱᇱ = 𝐽  𝑅ଵ𝑅ଶ − 𝑅ଷ𝑅ସ ∑𝑅௜ . (6)

For two sources with different current values 𝐽ଵ ≠ 𝐽ଷ, the same formulas are obtained by 
averaging the readings when switching these sources, and even when only one source is used. 
From Eqs. (5) and (6) for 𝑈஺஻ = 0 or 𝑈஽஼ᇱᇱ = 0 two equilibrium conditions result directly: 𝑅ଵ𝑅ସ = 𝑅ଶ𝑅ଷ, (7)𝑅ଵ𝑅ଶ = 𝑅ଷ𝑅ସ. (8)

Both pairs of resistance products Eqs. (7) and (8) can have different values. Every output of 
the dual-current bridge can meet the balance condition, which means that the products of other 
resistance pairs must be equal. This represents the equality of the products of the resistances 
adjacent to the terminals of a specific output. For the AB output of the 2J bridge circuit from 
Fig. 1(b) and Fig. 1(c), this concerns vertical resistances. For the DC output, this concerns the 
horizontal resistances. The same relations Eqs. (7) and (8) are observed when terminals AD and 
CB are linked to two equal current sources. To obtain the output balance, two resistance values 
can be adjusted twice. Two other resistances can be identified.  

These conditions are not dependent on the resistance of the leads of the current sources or the 
same changes in the currents of both sources. For two current sources 𝐽 that are laterally connected 
to the terminals CB and DA, the same pair of equilibrium conditions will be obtained. The Eqs. (5) 
and (6) for the output voltages of the dual-current bridge have a similar form to the classic bridge 
circuit supplied by current 𝐽 (Fig. 1(a)). It is commonly known that in the classic bridge there is 
equality of the products of resistances of the opposite arms, i.e., 𝑅ଵ𝑅ଷ = 𝑅ଶ𝑅ସ and the output 
voltage is: 𝑈஽஼ᇱ = 𝐽  𝑅ଵ𝑅ଷ − 𝑅ଶ𝑅ସ ∑𝑅௜ . (9)

A dual-current bridge circuit can also be used as an unbalanced circuit. The circuit resistances 
can be generally presented as 𝑅௜ = 𝑅௜଴ + ∆ோ௜= 𝑅௜଴(1 + єோ௜), for 𝑖 = 1, 2, 3, 4. If the initial values 
of 𝑅௜଴ satisfy the equilibrium conditions Eqs. (7), (8), then the output voltages appear for resistance 
changes ∆ோ௜≠ 0: 

𝑈஺஻ = 𝐽 (𝑅ଵ଴ + ∆ோଵ)(𝑅ସ଴ + ∆ோସ)  − (𝑅ଶ଴ + ∆ோଶ)(𝑅ଷ଴ + ∆ோଷ)∑𝑅௜଴ + ∑∆ோ௜=  𝐽𝑅ଵ଴𝑅ସ଴ єோଵ + єோସ + єோଵєோସ  − єோଶ − єோଷ + єோଵєோସ∑𝑅௜଴ + ∑∆ோ௜ , (10)

𝑈஽஼ᇱᇱ = 𝐽 (𝑅ଵ଴ + ∆ோଵ)(𝑅ଶ଴ + ∆ோଶ)  − (𝑅ଷ଴ + ∆ோଷ)(𝑅ସ଴ + ∆ோସ)∑𝑅௜଴ + ∑∆ோ௜= 𝐽𝑅ଵ଴𝑅ଶ଴ єோଵ + єோଶ + єோଵєோଶ  − єோଷ − єோସ + єோଷєோସ∑𝑅௜଴ + ∑∆ோ௜ . (11)
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When the products of relative changes are very small, i.e.:  єோ௜єோ௝ ≪ (єோ௜ or єோ௝) for 𝑖 ≠ 𝑗, 
they are negligible and the formulas Eqs. (10), (11) are simplified, i.e.: 𝑈஺஻ = 𝐽𝑅ଵ଴𝑅ସ଴ єோଵ + єோସ − єோଶ − єோଷ ∑𝑅௜଴ + ∑єோ௜ , (12)𝑈஽஼ᇱᇱ = 𝐽𝑅ଵ଴𝑅ଶ଴ єோଵ + єோଶ − єோଷ − єோସ ∑𝑅௜଴ + ∑єோ௜ . (13)

Based on the existing formulas, it appears that in balanced systems, it is sufficient for the 
source currents to only be common and identical. In biased systems, the sources should be 
identical and have a constant known value. In both cases, the results can be averaged after 
switching the sources.  

For an antisymmetric 2𝐽 bridge circuit, i.e., with identical impedances in opposite arms for 
Eqs. (7) and (8), the balance of both outputs occurs simultaneously. An unbalanced dual-current 
bridge can be used for simultaneous two-parameter measurements using both of its output signals. 
However, it cannot have loaded outputs because the resistances in the diagonals of the unbalanced 
system affect the flow of currents. Therefore, the formulas for the output voltages become 
complicated. Output resistances of an unloaded dual-current bridge circuit are: 

𝑅஺஻ஶ = (𝑅ଵ + 𝑅ଶ)(𝑅ଷ + 𝑅ସ) ∑𝑅௜ = (𝑅ଵ଴ + ∆ோଵ + 𝑅ଶ଴ + ∆ோଶ)(𝑅ଷ଴ + ∆ோଷ + 𝑅ସ଴ + ∆ோସ)∑𝑅௜଴ + ∑∆ோ௜ , (14)𝑅஽஼ஶ = (𝑅ଵ + 𝑅ସ)(𝑅ଶ + 𝑅ଷ) ∑𝑅௜ = (𝑅ଵ଴ + ∆ோଵ + 𝑅ସ଴ + ∆ோସ)(𝑅ଶ଴ + ∆ோଶ + 𝑅ଷ଴ + ∆ோଷ)∑𝑅௜଴ + ∑∆ோ௜ . (15)

Eqs. (14) and (15) are valid for each of the outputs as long as the circuits of both of their 
voltage outputs are open, meaning they are unloaded or in the balance of two outputs. Moreover, 
the equilibrium conditions with non-ideal current sources, their internal resistances shunt the 
parallel resistances of bridge arms, like 𝑅ଵ and 𝑅ଷ in Fig. 1(b) and 1(c), which changes the balance. 
Then, the resistance values of these parallel connections must be added to Eqs. (1)-(4) [13]. This 
results in the conclusion that a system that is powered by forced currents and unloaded at the 
outputs should be employed when both outputs are used simultaneously. The formulas for the 
output voltages of an unbalanced classic 4𝑅 bridge powered by a current source and for the outputs 
from the diagonals of a dual-current bridge with identical sources have the same form, and the 
resistances only change placement.  

The publications [10-27] listed in the bibliography provide theoretical analysis and 
descriptions of the results of experiments on two-current bridges. 

3. Resistive bridge circuits with two voltage sources – basic formulas 

The general properties of electrical systems indicate that there is a dual system for each passive 
system. Specifically, variants of the dual-current bridge correspond to bridge systems with two 
voltage sources, which are designated as dual-voltage bridges. 

Fig. 2 illustrates the measuring circuit of the dual-voltage bridge 2E2U, which operates with 
two DC voltage sources, 𝐸ଵ and 𝐸ଷ, and two unloaded outputs 𝑈′′஺஻ஶ , 𝑈′′஽஼ஶ  (AB and DC). This 
system has not been included in the literature on measurement systems, despite being fairly 
straightforward to implement. The closest approach is an electrical circuit as a single cell for 
comparing two voltages or two resistances. Krawczyk et al. [28] implemented a voltage bridge, 
which is a different circuit that utilizes two DC voltage sources to transmit high resistance 
standards. 

Additionally, the author employed the same circuit structure for comparing two simultaneously 
induced voltage pulses during coil rotation in two magnetic fields to calibrate Hall-effect meters 
in a magnetic field with large, insufficiently uniform magnetic inductions that were not 
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measurable with NMR meters. 
The implementation of two identical voltage sources is simpler than current sources that 

operate with alternating current (AC). In this case, it is possible to use a common source and a 
transformer or an inductive divider with two identical secondary windings.  

The output voltages of the dual voltage bridge circuit in Fig. 2 are: 

𝑈ᇱᇱಲಳಮ = 𝐸ଷ(𝑅ଵ + 𝑅ଶ) − 𝐸ଵ(𝑅ଷ + 𝑅ସ)∑𝑅௜ , (16)𝑈ᇱᇱವ಴ ಮ = 𝐸ଷ(𝑅ଵ + 𝑅ସ) − 𝐸ଵ(𝑅ଶ + 𝑅ଷ)∑𝑅௜ . (17)

 
Fig. 2. Dual-voltage bridge circuit supplied by two voltage sources 𝐸ଵ, 𝐸ଷ 

When 𝑈′′஺஻ஶ = 0 or 𝑈′′஽஼ ஶ = 0, two different balance conditions are obtained: 𝐸ଷ(𝑅ଵ + 𝑅ଶ) = 𝐸ଵ(𝑅ଷ + 𝑅ସ), (18)𝐸ଷ(𝑅ଵ + 𝑅ସ) =  𝐸ଵ(𝑅ଶ + 𝑅ଷ). (19)

The outputs of this circuit can be balanced by adjusting the values of the source voltages 𝐸ଵ 
and 𝐸ଷ in a manner that is similar to the voltage bridge in [28]. Additionally, resistances can be 
employed. If the source voltages in the opposing branches of the 2𝐸2𝑈 circuit are equivalent, i.e., 𝐸ଵ = 𝐸ଷ ≡ 𝐸, or if an average result of two measurements is obtained by swapping the sources, 
the unloaded voltages of the 𝐴𝐵 and 𝐷𝐶 outputs are as follows: 𝑈ᇱᇱಲಳಮ = 𝐸 𝑅ଵ + 𝑅ଶ − 𝑅ଷ − 𝑅ସ∑𝑅௜ , (20)𝑈ᇱᇱವ಴ಮ = 𝐸 𝑅ଵ − 𝑅ଶ − 𝑅ଷ + 𝑅ସ∑𝑅௜ . (21)

And for 𝐸ଵ = 𝐸ଷ = 𝐸 the balance conditions Eqs. (18), (19) will be as follows: 𝑅ଵ + 𝑅ଶ = 𝑅ଷ + 𝑅ସ, (22)𝑅ଵ + 𝑅ସ = 𝑅ଶ + 𝑅ଷ. (23)

Therefore, the formulas of dual-voltage bridges are simpler than those of classic and 
dual-current bridges. 

The bridge resistances can be written in general as 𝑅௜ = 𝑅௜଴ + ∆ோ௜. If their initial values 𝑅௜଴ 
satisfy the equilibrium condition Eqs. (18) or (19), then the output voltages of that circuit for 
resistance changes ∆ோ௜≠ 0 are: 

∆𝑈ᇱᇱಲಳಮ = 𝐸 ∆ோଵ + ∆ோଶ − ∆ோଷ − ∆ோସ∑𝑅௜଴ + ∑∆ோ௜ , (24)
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∆𝑈ᇱᇱವ಴ಮ = 𝐸 ∆ோଵ − ∆ோଶ − ∆ோଷ + ∆ோସ∑𝑅௜଴ + ∑∆ோ௜ . (25)

Consequently, the bridge circuits depicted in Fig. 2 can be used to quantify two linear 
combinations of resistance changes from their equilibrium values, where the source voltages are 
constant and identical (𝐸ଵ = 𝐸ଷ ≡ 𝐸). 

Other circuits that are connected to both outputs of the bridge circuits from Fig. 1(b), Fig. 1(c), 
and Fig. 2 should have an input resistance that is appropriately higher than the output resistances 
of the bridge circuits. When dual-voltage outputs are unloaded (open circuits), the output 
resistance formulas are identical to Eqs. (14) and (15). This information can be used in resistance 
tests between the terminals of equivalent circuits of objects with an inseparable structure. 

The output signals of dual-source systems from Fig. 1(b), Fig. 1(c), and Fig. 2 can also be 
short-circuit currents (bridges: 2J2J and 2E2J) [13]. For conductivity equations, they will have 
comparable forms. They could also be used to measure two quantities, such as the changes in 
conductance of bridge arms. Active current transducers with parallel feedback should be used at 
their outputs to ensure that the input resistances have almost no effect. However, in such 
measuring systems, the influence of lead resistance on the results will still be present. 

4. Signals of dual-source bridge circuits for two related resistances and their changes 

4.1. Indirect measurements of two quantities (2D) with differential sensors 

Nonlinear and linear functions are employed to describe the simultaneous effects of multiple 
quantities on the parameters of the object, whether measured directly or through sensors. 
Typically, signals that are independent and influenced by multiple variables are acquired and 
processed in accordance with specific algorithms. 

To more closely examine this matter, we will examine the measurement principle in a 
straightforward scenario in which each of the small changes 𝜀ଵ and 𝜀ଶ of the measured parameters 
has such two components, each of which is solely dependent on one influencing quantity 𝑥ଵ or 𝑥ଶ, 
then: 𝜀ଵ(𝑥ଵ, 𝑥ଶ) = 𝜀ଵᇱ(𝑥ଵ) + 𝜀ଵᇱᇱ(𝑥ଶ), (26)𝜀ଶ(𝑥ଵ, 𝑥ଶ) = 𝜀ଶᇱ (𝑥ଵ) + 𝜀ଶᇱᇱ(𝑥ଶ). (27)

There are four different components on the right side of the system of equations. When these 
components are linked to two other established relationships, it will be feasible to identify 𝑥ଵ and 𝑥ଶ. For example, it is when these dependencies are linear, i.e.: ൤𝜀ଵ𝜀ଶ൨ = ൤𝑘ଵଵ 𝑘ଵଶ𝑘ଶଵ 𝑘ଶଶ൨ ൤𝜀′(𝑥ଵ)𝜀′′(𝑥ଶ)൨, (28)

and the expanded forms of the components are as follows: 𝜀ଵᇱ(𝑥ଵ) = 𝑘ଵଵ𝜀ᇱ(𝑥ଵ),      𝜀ଵᇱᇱ(𝑥ଶ) = 𝑘ଵଶ𝜀ᇱᇱ(𝑥ଶ), (29)𝜀ଶᇱ (𝑥ଵ) = 𝑘ଶଵ𝜀ᇱ(𝑥ଵ),     𝜀ଶᇱᇱ(𝑥ଶ) = 𝑘ଶଶ𝜀ᇱᇱ(𝑥ଶ). (30)

The inverse of a matrix Eq. (28) transformation is as follows: ൤𝜀ᇱ(𝑥ଵ)𝜀′′(𝑥ଶ)൨ = 1𝑘ଵଵ𝑘ଶଶ − 𝑘ଵଶ𝑘ଶଵ ൤     𝑘ଶଶ   − 𝑘ଶଵ−𝑘ଵଶ       𝑘ଵଵ ൨ ൤𝜀ଵ𝜀ଶ൨. (31)

The partial changes 𝜀′(𝑥ଵ) and 𝜀′′(𝑥ଶ) of the components can be both linear and nonlinear 
functions of the changes 𝑥ଵ and 𝑥ଶ of the measured quantities. In the system of Eqs. (26, 27) for 
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relative changes, the linear dependencies of changes in the system parameters from the influencing 
quantities (addition, subtraction with different coefficients) and some nonlinear dependencies are 
described by varying the coefficients 𝑘௜௝. This is because the sum of small relative changes of 
several quantities reflects the multiplication of these quantities, and the difference reflects their 
division.  

Consider a differential sensor with two identical elements. In this case, the quantity 𝑥ଵ has the 
same effect on both of their changes, 𝜀ଵ and 𝜀ଶ, and the influences of the quantity 𝑥ଶ are of the 
same value but of the opposite sign. Specifically, 𝑘ଵଵ = 𝑘ଶଵ = 𝑘ଶଶ = +1, 𝑘ଵଶ = –1, and: 𝜀ଵᇱ(𝑥ଵ) = 𝜀ଶᇱ (𝑥ଵ) ≡ 𝜀ᇱ,     𝜀ଶᇱᇱ(𝑥ଶ) = −𝜀ଵᇱᇱ(𝑥ଶ) ≡ 𝜀ᇱᇱ, (32)𝜀ᇱ = 0.5(𝜀ଵ + 𝜀ଶ),      𝜀ᇱᇱ =  0.5 (𝜀ଵ − 𝜀ଶ). (33)

For each of the aforementioned sensor operations, the changes 𝜀ଵ and 𝜀ଶ can be determined 
from their components 𝜀′(𝑥ଵ) and 𝜀′′(𝑥ଶ). Subsequently, the changes 𝑥ଵ and 𝑥ଶ of both quantities 
can be found. 

A variety of measuring, differential, and summing systems can reproduce the measured 
quantities based on the previously discussed relationships and produce output signals from the 
changes of two or more parameters based on the dependencies mentioned above. Resistive sensors 
and object models offer various options for measuring resistance changes. For example, resistive 
sensors can be connected in series with a constant reference resistance and supplied with a 
stabilized current source. All subsequent voltage drops can be digitally measured with high 
precision, stored, and subsequently processed as necessary. To get a single result with only two 
variable resistances, at least six measurements are required, including three for the initial state. 
The number of measurements and processing steps rises with each additional resistance. Despite 
being automated, this method is not a convenient option, particularly when values are rapidly 
changing. It is only appropriate for use in laboratory conditions. 

If the result depends on a very small difference between the two voltages that were measured, 
it might be inaccurate. Errors cannot be continuously and easily eliminated. In these situations, 
single-parameter classic bridges still have some known advantages over measuring both voltages 
directly. For example, they have a very high zero stability due to the stability of their passive 
components. Bridge circuits generate signals that are linearly dependent on the sum or difference 
of small changes in relative resistance. They are frequently employed as inputs to industrial 
transducers or computer measurement systems. Bridge output signal nonlinearities arise for larger 
changes in immittance, but they can be removed by digital signal processing correction, feedback, 
or bridge element selection. 

Classical deflection bridges are single-output and have a single output signal. The dual-source 
DC bridges that have been proposed produce two output signals that are simultaneously and 
independently influenced by the resistance changes of the bridge arms from their equilibrium 
values. 

4.2. Relationships for measuring stress and temperature using a differential sensor 

In sensors of force or pressure, 2 or 4 identical strain gauges are placed on the structure that is 
subject to deformation. One or two two-element differential sensors are involved. The tension is 
applied to one pair of strain gauges, while compression is applied to the other. However, the 
resistance changes of this pair of strain gauges exhibit opposite signs, despite their similar values. 
Additionally, the resistances of the strain gauges are contingent upon their temperature, which is 
a consequence of the ambient temperature and the self-heating of the current that passes through 
them. It can be presumed that the nominal initial resistances of both strain gauges and their 
sensitivity to temperature changes and deformation are identical for such a differential sensor. 

The bridge is balanced if the differential sensor components are positioned in the adjacent 
arms, e.g., 1 and 2, of the discussed dual-source bridge, at a specific reference temperature 𝑇଴, and 
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for an initial value of the measured stress 𝜎଴, e.g., equal to zero. Then, at the outputs are signals 
that represent the difference between changes and their sum. The resistances of the pair of strain 
gauges are: 𝑅ଵ(𝜎,∆𝑇)  = 𝑅ଵ଴(1 + єோଵ) = 𝑅ଵ଴(1 + єఙ)(1 + є∆்), (34)𝑅ଶ(𝜎,∆𝑇)  = 𝑅ଵ଴(1 + єோଶ) = 𝑅ଵ଴(1 − єఙ)(1 + є∆்), (35)

where are their changes: єோଵ = 𝜀ఙ + 𝜀∆் + 𝜀ఙ𝜀∆்; єோଶ = −𝜀ఙ + 𝜀∆் − 𝜀ఙ𝜀∆். 
For a dual-current bridge 2J2U, with identical resistances 𝑅ଷ = 𝑅ସ = 𝑅ଵ଴, from Eqs. (10) and 

(11) it follows: 

𝑈஺஻ = 𝐽𝑅ଵ଴ єோଵ − єோଶ4 + єோଵ+єோଶ =  𝐽𝑅ଵ଴ 2 𝜀ఙ(1 + 𝜀∆்)4 + 2𝜀∆் ≈  𝐽𝑅ଵ଴  𝜀ఙ2 + 𝜀∆் , (36)𝑈஽஼ᇱᇱ = 𝐽𝑅ଵ଴ єோଵ+єோଶ + єோଵєோଶ4 + єோଵ+єோଶ ≈  𝐽𝑅ଵ଴ 𝜀∆்2 + 𝜀∆் . (37)

Terms that are product of small resistance changes are omitted in the approximations. 
For a dual-voltage bridge with the symbol 2E2U, when 𝑅ଷ = 𝑅ସ = 𝑅ଵ଴, from Eqs. (16) and 

(17) we obtain respectively: ∆𝑈ᇱᇱಲಳಮ = 𝐸 єோଵ+єோଶ4 + єோଵ+єோଶ = 𝐸 𝜀∆்2 + 𝜀∆், (38)∆𝑈ᇱᇱವ಴ಮ = 𝐸 єோଵ−єோଶ4 + єோଵ+єோଶ = 𝐸  𝜀ఙ2 + 𝜀∆். (39)

These formulas are simple and similar to Eqs. (12), (13) for small resistance changes in a dual-
current bridge (2J2U). 

Two voltage sources 𝐸ଵ = 𝐸ଷ = 𝐸 in a dual-voltage bridge circuit do not have a common 
terminal. Therefore, if they are implemented electronically, their DC supply circuits should be 
isolated from one another. The utilization of two identical secondary windings in a voltage 
transformer or an inductive divider, as well as a primary winding that is stabilized to function as 
a deflection bridge, is a more efficient method of accomplishing this with alternating current (AC).  

4.3. The state of the art and proposed direction of research on dual-source bridges 

A dual-source bridge that measures two quantities at once is a new type of measurement 
circuit. In 2000, the first author of this article introduced the concept of dual-current bridges in 
Polish, initially referring to them as anti-bridges [10]. In the following years, he wrote about them 
in other publications, including the first ones in English [11, 12]. Their theoretical foundations 
were fully developed in his monograph [13], which came out in 2004. In this book, there are 
several variants of dual-source bridges that include direct current (DC) and alternating current 
(AC) circuits, a cascade bridge (bridge in a bridge) [19], and examples of bridges with two voltage 
sources. The bibliographic data on the dual-current DC bridge circuits (known as double-current 
bridges or two-current-source supplied circuits) is presented in Table 1. This was done by 
searching for keyword combinations in two databases. 

Table 1. The bibliographic data on the dual-current DC bridge circuits  
Number of items Number of citations Time span 

Scopus database 19 66 (22) 2002-2019 
Web of science database 20 61 (39) 2005-2017 

Earlier experimental work, specifically studies of changes in the parameters of the equivalent 
circuit of four-terminal Hall sensors (4T), gave rise to the concept of this new type of bridge. The 
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reversible part of this schematic is a complete quadrilateral with intersecting diagonals and 
resistances of six branches that vary based on the Hall effect sensor’s temperature and measured 
magnetic induction B. The author found that the structure of a flat 4T circuit was equivalent to a 
quadrilateral. As a result, he developed and experimentally tested new systems for temperature-
independent compensation of the initial voltage asymmetry at magnetic induction 𝐵 = 0 of the 
Hall effect sensor. This voltage depends only on the sensor current. A dual-current-powered 
system with a Hall effect sensor, with its output connected to a resistive bridge, was also proposed 
by Warsza. An adjustable nonlinear output voltage is produced in this circuit as a function of 
magnetic induction B.  

After several theoretical publications [10-13], [15], [19] by the first author, Z. L. Warsza, the 
second author, A. Idzkowski, became interested in experimentally developing a new type of 
measuring bridge circuit. As part of his work for PhD research at Bialystok University of 
Technology, he constructed, tested, and verified dual-current DC bridge systems. Then he, in 
collaboration with J. Makal and also with Z. L. Warsza consultations, investigated the utilization 
of a dual-current bridge 2J2U for the measurement of two interrelated parameters [16-18]. 
Additionally, this bridge circuit was implemented in a laboratory stand to quantify deflection and 
temperature of a metallic beam, utilizing only two strain gauges and no temperature sensor. 
Subsequently, A. Idzkowski and W. Walendziuk and their collaborators constructed, tested, and 
described numerous instrumentation models (2J2U, 2x1J2U, 2J+2R2U) by employing a 
dual-current DC bridge concept. Publications [23-27] contain these investigations and the models 
they constructed. They also submitted two Polish patents. Z. L. Warsza reviewed and verified the 
majority of the aforementioned works. The common features and differences of the analyzed 
dual-current DC bridge circuits are presented in Table 2. The selected topics and their 
corresponding publications are provided in Table 3. 

Table 2. The common features and differences of the analyzed dual-current bridge circuits (DC) 
 2J2U [13, 22] 2×1J2U [23, 24] 2J+2R2U [25, 26] 

Number of measured parameters 2 2 2 
Number of current sources 2 1 2 

Number of sensors in the system 2 or 4 2 or 4 2 or 4 
The necessity of galvanic separation of sources yes no no 

Sensitivity to difference of current sources yes no yes 
Operation mode Continuous Switched Continuous 

Type of inputs for the bridge  
signal conditioning circuits Symmetric Asymmetric Symmetric 

The theoretical foundations of dual-source DC and AC bridges, as outlined in the Warsza 
monograph [13], have been empirically validated through laboratory experiments and a limited 
number of models. But until now, only electronic measuring systems that make use of dual-current 
source DC bridges have been verified. 

Table 3. Dual-current bridge circuits (DC) – the selected topics and their corresponding publications 
Topics Publications 

Sensitivity and nonlinearity [11], [12], [13], [26] 
Noise performance [24] 

Accuracy [13], [21], [22], [25] 
Calibration [27] 

Measurement applications [16], [18], [23] 

There was a certain difficulty in this design due to the lack of a common ground between 
current sources. Commercially available integrated current sources have only been used so far in 
prototype designs. Two isolated power supply circuits should be used in future professional 
designs for active systems that generate dual current or voltage sources. The output voltages of 
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dual-source bridges should be measured without loading the outputs. This can be achieved by 
utilizing differential circuits with operational amplifiers with floating inputs, which are similar to 
the ones used in the current loop of numerous sensors used by K. F. Anderson [32]. The output 
voltages can be further processed, either analog or digital, as necessary, depending on the 
algorithms. In an additional effort to investigate the feasibility of employing the single-voltage 
power supply with shape potentials in the system, resistances were connected in series with current 
sources. However, highly stable results were not achieved. 

Since the presentation of proposals and after the theory and discussion of numerous AC circuit 
examples in the monograph [13], the dual-current and dual-voltage AC bridge circuits have not 
yet been experimentally verified. There is, however, some very close proof of the balanced DC 
dual-voltage bridge circuits in high-resistance standards comparison [33-35], but they only have 
one output. Compared to dual-current AC sources, their implementation with AC sources appears 
to be simpler. For example, a voltage transformer or an inductive divider with two identical 
secondary windings, which are connected to a single stable AC voltage source, may be 
implemented for this purpose. The sampling-based digital impedance bridge with a two-output 
multiplexer for voltage ratio measurement [36, 37] is also a new and interesting idea. 

Presently, more research is being done to develop digital bridges (sampling bridges, four-arm 
bridges) that replicate the behavior of classical analog bridges but with automation, self-balance, 
and lower cost. This research focuses on comparing impedance standards and enhancing 
impedance measurement accuracy. As presented in Fig. 3, the literature contains three bridge 
circuit variants that are supplied by two sources. 

– Dual-Source High DC Resistance Bridges [34, 35], also known as Active-Arm Bridges [28], 
employ two voltage sources, frequently DC, in the active arms of a bridge. This idea is used for 
the resistance standard calibration system with the use of high-resistance transfer standards in the 
range of 10 GΩ to 100 TΩ. 

– Digital (sampling) impedance bridges [36], [38], [39], [41], also known as digital four-arm 
bridges [40] for the comparison of resistance with capacitance (impedance standards), they 
employ a two-channel digital source of voltage sinusoidal waveforms supplying the bridge arms 
[42-43]. 

– Unconventional Dual-Source Bridge Circuits, also known as Two-Current-Source Supplied 
Bridges or Double Current Bridges, are signal converters with two current sources connected in 
parallel (or to opposing arms) so that each helps excite a different section of the bridge. This may 
enable a simultaneous measurement of more than one variable. 

 
Fig. 3. Variants of bridge circuits that are supplied by two sources 

Research into the properties of unconventional dual-source bridges remains a proposal for a 
new direction of theoretical and experimental research in the field of new solutions for 
autonomous instruments and input circuits with sensors for monitoring, measurement, and 
automation systems [44, 45].  

4.4. Limitations and application areas 

The limitations of dual-source bridge circuits are that they require stable excitation voltages if 
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output is measured directly (unless ratiometric). For very low resistance, lead/contact resistance 
becomes non-negligible. Their strengths are high sensitivity for small resistance changes and good 
cancellation of common-mode effects (e.g., supply voltage drift). Application areas well covered 
are strain gauges, load cells, and temperature sensors. The hard-served area is ultra-low-power 
bridge-based sensing in harsh and constrained environments (e.g., IoT devices, implantables, 
remote sensors). The problem is how to get good precision with minimal excitation 
voltage/current, minimal power, and minimal drift. 

5. Conclusions 

Dual-source bridge circuits are well placed to support the evolution toward smarter, more 
accurate, and more versatile sensor systems. The primary functions of dual-source bridges in 
future systems are listed below. 

1) Enabling excitation flexibility and improved control is essential when small resistance 
changes must be measured with high accuracy over a wide range of environmental conditions. 

2) To facilitate digitally-assisted compensation, sensor systems can correct for drift, 
nonlinearity, and temperature effects by utilizing internal intelligence. 

3) To aid in the integration of smart sensor ICs/modules, the excitation, bridge, amplifier, 
ADC, communication, and diagnostics are combined. 

4) Allowing for more robust measurement topologies (e.g., dual channels, diagnostics, 
redundancy), which is crucial in industrial or safety-critical environments. 

5) To enable the implementation of innovative measurement methods, such as digital or virtual 
bridges for impedance measurement, that necessitate multiple excitations. 

The integration of dual-source bridge circuits with smart sensors and in-sensor processing 
seems to be a highly promising direction for modern sensing systems [46-47]. It enables greater 
precision, autonomy, and energy efficiency, making it ideal for applications in industrial, 
biomedical, and next-generation Internet of Things sectors [48]. Possible architecture could 
include sensor elements (e.g., strain gauges) configured in a dual-source bridge and an analog 
front-end (AFE) within the smart sensor to digitize the differential output. An in-sensor processing 
unit may carry out temperature compensation, nonlinearity correction, offset/gain calibration, 
noise filtering, FFT (Fast Fourier Transform), feature extraction, and AI (Artificial Intelligence) 
inference. Digital output or wireless transmission are viable options for such a system.  

The authors encourage anyone else interested in developing such a new technology to pursue 
this topic, which is both scientifically appealing and implementation-oriented. This may 
encompass the analysis and description of numerous potential solutions for transducers of 
associated signals, such as bridge circuits that utilize two sources of alternating current or voltage.  
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