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Abstract

Wheatstone Bridge Circuits are commonly used in sensor applications to measure the resistance
change of sensor elements, which represent typical metrics such as pressure, force or magnetic flux
density. In many applications, for example, magnetoresistive or pressure-sensitive sensor elements
are used in Wheatstone bridges. A temperature change of the Wheatstone bridge leads not only to a
change of the resistance of the sensor elements, but also of the reference resistors. The reason for
this is the (mostly positive) temperature coefficient of the resistors and also the dependence of the
sensor effect on the temperature. In order to obtain a more accurate result, the temperature of the
bridge circuit should therefore be known. By using several different voltages in a bridge circuit and
knowing the temperature coefficients, it is possible to determine the exact resistance change of the
sensor elements and the temperature change simultaneously without using an additional temperature
sensor. A possible offset of the bridge circuit due to a mismatch of the four resistors is not relevant.
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1. Method for determining the resistances
in a Wheatstone bridge under reference
conditions

In this proposal it is essential to know the exact
values of the four resistances in the
Wheatstone bridge under reference conditions,
i.e. the temperature is given; then the tempera-
ture change is zero (dT =0, therefore the
temperature coefficients a and b are not rele-
vant) and there is no change in resistance as
no measured quantity is applied (then: dR = 0).

To accurately measure each of the four
resistors, a floating zero-resistance ammeter is
suggested, as shown in Figure 1a and 1b. It is
important to note that the bridge circuit with R1
to R4 has already been produced and is ready
for use. The basic idea is to short-circuit one of
the two resistors connected in series
connection (in Figure 1a and 1b: node 1 and
node 2 are short-circuited so that R4 is no
longer relevant) and measure the current
(here: 1(R3)) using operational amplifiers so
that, for example, the resistance of R3 can be
determined by the voltage Us (then Us = Uv)
divided by the measured current I(Rs); here:
I(Rs) = I(Rs) with I(Rs) as the current through
the (reference) resistor R3 in the Wheatstone
bridge; all this is resulting in:
R3 = Us/l(Rs) = Uv/I(Rs). The current [(Rs)
(= I(R7)) can be derived by using the difference
of the voltages at the output of the two
operational amplifiers (Ua1 - Ua2) according to

equation (1); it is important to know that
(Rs*Ry7) is equal to (Rs " Rs).
Equation (1) for I(Rs) results in:

I(R) =— A= [(R) = I(R)) (1)
R, -(1+ %{J
Vi
{k2*R0*(1+a*dT)}

.sub

Fig. 1a: Floating zero-resistance ammeter for
measuring the resistances at reference
conditions (dR=0 and dT =0) (for further
details see [1])

In this example k3*Ro is the value of the
resistance at dT =0: R3 = Uv/I(R3) = 1.05 kQ
which corresponds with the correction factor
k3 =1.05 multiplied with the nominal resis-
tance RO = 1 kQ. All this can be realised at the
end of the production process and possibly the
data can be stored in the sensor (e.g. by
means of laser fuses) and can be used in
signal conditioning circuits. With a micro-
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controller the change of the resistance dR and
the change of the temperature dT can be
evaluated as described in the following
chapters.

_______

'Node1 | RT 4.7628856mA

100 I(R7)

‘Node2

P ————

4.9999905V ARS/\ o 4.7SI§BSQH1A

100 I(Rs)

Fig. 1b: Floating zero-resistance ammeter for
measuring  the  resistances  at
reference conditions (dR =0 and
dT = 0) (for further details see [1])

2. Method for simultaneously determining
the change in resistances and temperature
in Wheatstone bridges supplied with a
voltage source

A new concept for the simultaneous determi-
nation of the change in resistance dR of sensor
elements and the change in temperature dT in
Wheatstone bridges is proposed. The basic
idea is to consider the known temperature
coefficients of all resistors used in the bridge
circuit. Then the absolute change of the
resistance dR and the temperature dT
compared to the reference conditions (with
dR=0 and dT =0) can be determined by
using different voltages of the bridge circuit.
The equations depend on the circuit, so a
quarter bridge with one sensor element, a half
bridge with two sensor elements or a full bridge
circuit with four sensor elements have different
equations. For each sensor element, the
relative change of the resistance dR/Ro is the
same when the same measured variable is
applied, where Ro represents the nominal
resistance at reference conditions.

2.1 Quarter bridge circuit with one sensor
element and voltage source

In the quarter bridge depicted in Figure 2, the
sensor element is represented by the
resistor R1; Ro is the nominal value (here:
1 kQ) and k1 is the factor that determines the
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exact value of R1 at reference conditions —
same is valid for k2 for R2, k3 for R3 and k4 for
R4; b is the constant temperature coefficient of
R1 and dR represents the absolute change of
R1 due to the measured variable. The resistors
R2, R3 and R4 are reference resistors with
different constant temperature coefficients (TC)
a and g with a# g. It is possible:a=borg=>b
with b as TC of the sensor element; this means
that either R3 or (R2 and R4) can be replaced
by an insensitive sensor element which only
reacts to temperature changes but not to
changes in the measured variable. But always
the temperature coefficients a and g of R3 and
R4 need to be different: a # g.

.param RO 1000

.param a 0.0075 <
.param b 0.005 #l—‘
paramgb 8> R2 R4<

Jparam k1 1.02
.param k2 0.88

.param k3 1.05 {k2*R0*( *dT)} {k4"R0 1+g*dT
Jparam k4 0.93 us Uy

l SCUE lus

[{k1*RO*(1+b*dT)+k17dR)| (k3R 0‘(1l>a'dT)}
v

.dc param dR 0 150 1 param dT Ilst 050 100

—

Fig. 2:  Quarter bridge circuit with one sensor
element (R1) and three reference
resistors (R2, R3, R4)

Sensor resistance:

R =k Ry -1+b-dT)+k, -dR
Reference resistances:
R,=k,-R,-(1+g-dT)

R, =k, R,-(1+a-dT)

R, =k, R,-(1+g-dT)

In equation (2) the calculation of the
temperature change dT is shown; equation (3)
describes how the relative change of the
resistance dR/Ro of the sensor element can be
derived with Ro as nominal resistance.

Figure 3 shows the result of this calculation in
a simulation with LTspice [3]. It can be seen
that both the temperature change dT and the
relative resistance change dR/Ro can be
derived simultaneously using equations (2) and
(3).

For the change of the temperature dT equation
(2) is used:

k,-U, -U, -(k3 +k4)

dT =
Uy -(a-ky+g-k)—a-k U,

()

and equation (3) for the relative change dR/Ro
of the resistance of the sensor element R1:
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dR [k U, -U; (ks +k)]
R ) (UV_UI)'kl
[k g U~k (U -U)]
[U3 (a-ky+g-k)—a-k -U,,]
(kU -U) -k U
(UV_Ul)'k1
‘[U3 -(a-k3 +g-k4)—a-k3 -UV]
[U3 (a-k;+g-k)—a-k -UV]

3

VR3] VUV V) VIUS)HVIU) (Vialpha)*Vik3) (led -V (alphal Vi{k3)"V{Uv]]]* Vivolt)

| dT = 100K

tar

1 dT = 50K

" dR/Q
dT=0K =

VUV VIOV V{UT])- V{2 V(1) (VU3] (Vialpha) Vik3) Vi gamma) V k) -Vialgha V(K3 VU] ]

" TdR

Fig. 3:  Quarter bridge circuit (see Fig. 2)
depending on change of R (dR) with
temperature change dT as para-
meter: Top: Temperature change dT;
Bottom: Resistance change dR

dR/Q
—

2.2 Half bridge circuit with two sensor
elements and voltage source

In the half bridge shown in Figure 4 two sensor
elements R1 and R4 are used. The resistors
R2 and R3 represent the reference resistors
with different temperature coefficients (TC) a
and g:a#g.

F ¢

<« "

Rz [Ra[>

{k2*RO*(1+g*dT)} [{k4*R0O*(1+b*dT)+k4*dR}]
1 U3 Uy

u
wlf:; R3 2';:2 Us

[{k1"RO*(1+b*dT)#k1*dR}| {k3"R0"{1+a‘dT]} v

<
.dc param dR 0 150 1 param dT list 0 50 100

Fig. 4:  Half bridge circuit with two sensor
elements (R1, R4) and two reference
resistors (R2, R3)
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Similar to the previous chapter, dR (or dR/Ro)
and dT can be calculated using equations (4)
and (5). In this example the following also
applies: g =b; so R2 can be realised as an
insensitive sensor element. It is important that
the TC of the reference resistors R2 and R3
are different: a # g.

Equation (4):

ky Uy [k, -U —k (U, -U,) ]+
k-(U, =U,) [k -a-(U, —U;)—k, -b-U, |+
_kl '(UV _Ul)'[k3 '(UV _U3)_k4 'U3:|

dT =

. @)

+h, Uy [k b (U, =U,) =k, - g-U, |
Equation (5):
dR _ky-(U, -U;)-(1+a-dT)
R, k4'U3

k, U,-(1+b-dT

Uk ) 5)

k, -U,

The results of equations (4) and (5) are
depicted in Figure 5; again, the change in
temperature dT and the change in resistance
dR of the sensor element can be calculated
using equation (4); then the change in re-
sistance dR can be derived using equation (5).

3PV (VL) VU3 V) VIUZPUM A VUV U1} (VIRE) Vialpha) (V(UV)-V(U3))V (ke V beta V{U3))#

dT=100K

ETdT dT = 50K
i

dT=0K _>de9

() Vibeta){V{U)-V{U])-V(k2] Vi gamma) VU] ) Vibd) VU3 (F+Vibetal (Vo) (Vik2) VAT VIU3) ViUT)

Fig. 5:  Half bridge circuit (see Fig. 4)
depending on change of R (dR) with
temperature change dT as para-
meter: Top: Temperature change dT
Bottom: Resistance change dR

3. Method for simultaneously determining
the resistance and temperature change of
Wheatstone bridges with additional resistor
and voltage source

If there is an additional resistor R5 used that is
connected in series to the bridge circuit (see
Figure 6), it is also feasible to calculate the
change of the temperature dT and the change
of the resistance dR of the sensor elements.
The idea is to get the information about the
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total current flowing through the bridge circuit
in order to calculate dT and dR. This is shown
in the following chapters for quarter bridge, half
bridge and full bridge Wheatstone circuit.

3.1 Quarter bridge circuit with one sensor
element and additional series resistor

Figure 6 shows a quarter bridge circuit (with
one sensor element R1 and three reference
resistors R2, R3, R4) with an additional resistor
R5. As in the previous chapters, it is possible
to derive the temperature change dT and the
resistance change dR (or relative change
dR/Ro) of the sensor element by using
voltages, temperature coefficients (TC) and
resistances at reference conditions - see
equations (6) und (7); the temperature
change dT as a result of equation (6) is used in
equation (7). Here the temperature coeffi-
cients a of the three reference resistors may be
similar (without R5 they need to be different,
see chapter 2.1) — the temperature coefficient
a can be similar to the temperature
coefficientb of the sensor element R1;
therefore: a = b. If R5 is not constant, then the
temperature coefficient f (with R5 =
k5*R0*(1+f*dT), see Fig. 6: f # a) and the tem-
perature of R5 must be known; it is still
possible: a=b. R5 may be located in close
proximity to the signal conditioning circuit (e.qg.
microcontroller or electronic control unit); the
temperature change and hence the change of
R5 is then usually limited.

k
—.U, +U,
ar=— " — _1 (6), with R5
a-(U, —Up,,) = ¢
( vV BR) R5
as constant resistor and equation (7):

d—R=k—2-(1+a-dT)-[LJ—(l+b-dT)
R, Kk Up —U

BR ~ Y1

In Figure 7 the result of the simulation with
LTspice [3] is shown — again the change of the
temperature dT and the change of the
resistance dR of the sensor element can be
calculated by using different voltages and
temperature coefficients.

If the voltage source V1 and the resistor R5
are substituted by a current source ls,
equation (6) for changing the temperature dT is
changed to equation (8); for dR equation (7)
can be used.

k3
—-U,+U
k 2 3

=2 (8
a-l;-k,-R, a ®)
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{k4*RO%(1+a*dT)}
u3

R3 Ua
[kT*RO*(1+b*dT)+k1*dR} | _{kS*Rﬁ{ 1+a*dT)} v

dc param dR 0 150 1 param dT list 0 50 100

Fig. 6:  Quarter bridge circuit with additional
resistor R5 and a bridge circuit with
one sensor element (R1) and three
reference resistors (R2, R3, R4)

Vol Vivol)"({{V{kI)V{k2]*(V{u_be)-Viut)pWu3)V{alpha)'(Wuv}-Wu_br)"Wik3)10))-A NV alphal))
dT = 100 K
T dT dT = 50 K
dT=0K RS

w3JI(Vialpha) (Viuv)-Viu,_be})*Vik3)*10))-1 Vialphal )} (VU1HIVIU m»wuuuj‘v\qmym\-ouwugeﬂmk

dR/Q

Fig. 7:  Quarter bridge circuit (see Fig. 6)
depending on change of R (dR) with
temperature change dT as para-
meter: Top: Temperature change dT
Bottom: Resistance change dR

3.2 Half bridge circuit with two sensor
elements and additional series resistor

Figure 8 shows a half bridge circuit with two
sensor elements (R1 and R4), two reference
resistors (R2 and R3) and additionally the
resistor R5 in series connection to the bridge
circuit. The temperature coefficientf of the
series resistor R5 must differ from the
temperature coefficient a of R2 and R3
(hence: f # a), but it is possible: a = b with b as
temperature coefficient of R1 and R4.
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u
_UV !f+ I\I ]

L sy

<_R5
.param RO 1000 P
.param a 0.005 BR B ‘__R_s:"Roi(hf*dT}}
.param b a
.param f 0.0035

HEN

.param k1 1.02

param k2 0.8 (2*R0*(1+a"dT)}{kd"RO*(1+b*dT)+kd*dR}]
.param k3 1.05 Uo

.param k4 0.93 u1 r—> —U3

.param k5 0.1

2 #
&5 < U
s

|{k1*R0*{1+b'd"r)+i+1*dR}| {ka*no;{;na*dn}
==

v

.dc param dR 0 150 1 param dT list 0 50 100

Fig. 8:  Half bridge circuit with additional
resistor R5 and a bridge circuit with
two sensor elements (R1, R4) and
two reference resistors (R2, R3)

Equation (9a) applies to the change in
temperature dT under the condition that the
value of RS is constant (possible: a =b) and
equation (9b) applies to dT if R5 (with f as
constant temperature coefficient) is at the
same temperature as the bridge circuit; dT can
be used to calculate dR (or dR/Ro) in
equation (10).

k

—.U, + U,

k 1
dT = 2 -=

k. -
Cl'(UV_UBR)' 3RR0 ¢

5
R5 as constant resistor
and equation (9b) with f as TC of R5:

_ kz'k3'U5_kz'k5'(UBR_UD)
[kz 'ks '(UBR _UD)+k5 'Uz '(k3 _kz)]'f
—ks ‘(UBR —U,)-(k3 _kz)

(9a): with

dT

9b
—k, -k, Us-a ©b)
d_R_UBR-k3—U3-(k3+k4)+
Ro Uz'k4 (10)
dr-\U,, -k,-a-U,-(a-k,+b-k
" [ gr K3t d 3 (a 3 4):|
U, -k,

In Figure 9 the results of equation (9b) and
(10) are depicted. The temperature change dT
and the change of the sensor resistance dR
can be determined again simultaneously.
Similar to the previous chapter, the voltage
source V1 and the resistor R5 can be replaced
by a current source 15; then equation (8) is
valid again.
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NUAPVUI])V(RS) V(b)) (V{R3)VRZPVR2) VRS) (VIU_be)-V{ut HVIU3)AVIRS) (VU_br)-Viut))

ke o7 dT =100 K
;}':T dT =50 K

o] |

s dR/Q
dT=0K —

V(2]}Vt V2TV (k3] (V{Uv)-VIU_br))*V{alpha))) (VU1 N{V{U_br)-Vi{ut)))-{1+V{betal (V{R2] V{Kk3)"(V[Uv}-

Fig. 9: Half bridge circuit (see Fig. 8)
depending on change of R (dR) with
temperature change dT as para-
meter: Top: Temperature change dT
Bottom: Resistance change dR

3.3 Full bridge circuit with four sensor
elements and additional series resistor

A full bridge circuit consists of four sensor
elements as shown in Figure 10. Then the two
sensor elements R1 and R4 must show
reciprocal behaviour compared to the other two
sensor elements R2 and R3, so that the
resistance of the bridge circuit can be assumed
to be constant - only depending on tem-
perature change dT. Equation (11a) applies to
the change in temperature dT provided that the
value of R5 is constant; equation (11b) applies
to dT when R5 is [R5 = k&6*Ro*(1+f*dT)], where
f is the constant temperature coefficient of R5
at the same temperature as the bridge circuit; f
must be different to b as TC of the sensor
elements (= f# b); equation (12) can be used
to calculate dR or the relative change dR/Ro.

[{k2*R0*(1+b*d T)-k2*{R}| [(k4¥R0O*(1+b*d T)+k4*dR}|
ul—= U3
U1 ¥ &

Ri] | (R[>

[{k1"RO*(1+b*dT)+k1*dRy {3"RO(1+b*dT)-k3"dR} |

.dc param dR 0 150 1 param dT list 0 50 100

Fig. 10: Full bridge circuit with four sensor
elements (R1, R2, R3, R4) and an
additional resistor R5
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Equation (11a) with RS as constant results in 4.1 Quarter bridge circuit using one AMR
JT = Upe - (k +ky +ky + k) Ry 1 sensor element . -
b-(Uy —Upy )Ry -(k +ky)-(ky +k,) b In Figure 12 a quarter bridge circuit with one
AMR sensor element R1 is shown. The TC of
R3 and R4 must be different (a # g); a as TC of
R3 may be equal to b as TC of the AMR

and equation (11b) with fas TC of R5

dT = (Uy Uy ) (k + k) (ks +K,) + sensor element (a=b), e.g. by using an
U,y '(k1 +k, +k, +k, ) kg f+ insensitive AMR-sensor for R3. The change in
temperature dT  can be derived using

U (b + by + kg + k) equation (13) which is similar to equation (2).

. _ ] ] As depicted in Figure 13, the typical AMR
b-(Uy U_BR) (ki +k)- (ks +4,) characteristic (R depending on the magnetic

and equation (12): field strength H in the direction of the hard

dR Uk =U, -(k +ky)]-(1+b-dT) axis) is influenced by the temperature
R U, -(k —k,) Uy, -k change dT: The higher dT, the lower the
0 LA T2 BRI change of the resistance dR due to the

negative TC (-0.002/K) of the AMR effect.

SI(U_BR)(V{l1)+V(k2)$V(K3) V(kd]}* 100 (V(beta]* (V(Uv}-¥(U_BR))*1000*(V{k1 ¥ (K2))"(V{K3}+ b U U 1 i
%] dT=100K dT = 3 Yy 3'(3+ 4) (13)
C:IdeT dT=50K U3-(a-k3+g~k4)—a-k3~UV
o | V1
o] dR/Q
10 dT=0K —>
thaa (Y {U_BRY (VT VK2 PV IV (k) 100/ (V{beta)" (V{UV]-V{U_BR))- 1000 (V{kT sV TV( Uv . SV >
' {k2*RO*(1+g*dT)} ¢ . Uy
 TdR R2 R4
{K&*RO}(1+g*dT)}
dR/Q
—

+—U3
lw R3 lus

{k3*ROF(1+a*dT)}

Fig. 11: Full bridge circuit (see Fig. 10)
depending on change of R (dR) with
temperature change dT as para-
meter: Top: Temperature change dT
Bottom: Resistance change dR Fig. 12: Quarter bridge circuit with one sensor

element (AMR-sensor R1) and three

reference resistors

Figure 11 shows the results for dT (equation
(11a)) and for dR according to equation (12).

Similar to the previous chapter, the voltage
source V1 and the resistor R5 can be replaced
by a current source Is, then the equation (11c) TdR

VUV VO (VL) VU]V W) VU3 (Valphal VK3V gammal Vike))-V akpha) VK3 VUV MITVIL

applies instead of the equation (11a) or (11b).
Equation (11c) with current source 15 instead
of voltage source V1 results in:

dT=0K

UBR . (kl + k2 + k3 + k4) 1 & __I q_qwl:srv;u.!.{viu!-v;uu-ﬂctli;:w;u:fmeen'.(r V(K3}V gammalV{kd))-Vialpha) Vik3)"ViUv))) Vivoit))

dT = —— (11c) dT =100 K
b-I-Ry-(k +k,) (ks +k,) b =i TdT
. dT =50 K

4. Method for simultaneously determining o) | H/A/m
the change in resistances and temperature o dT=0K —>
in a Wheatstone bridge using AMR sensor
elements
This example shows the new concept with an Fig. 13: Quarter bridge circuit (see Fig. 12)
AMR sensor element implemented in LTspice depending on applied magnetic field
[3] as variable resistor. The model for the AMR strength H with temperature change
sensor element is described in [2]. Here the dT as parameter. Top: Resistance
temperature coefficient (TC) of the AMR change dR; Bottom: Temperature
sensor element is +0.003/K (relevant for Ro) change dT

and the TC of the AMR effect is -0.002/K
(relevant for dR).
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4.2 Full bridge circuit using four AMR
sensor elements

In Figure 14 a full bridge circuit with four AMR-
sensor elements R1 to R4 is depicted. The
resistors R1 and R4 must exhibit opposite be-
haviour to R2 and R3, which can be achieved
by barber pole structures. In Figure 15 the
results of the simulation is depicted: The
temperature change dT (see equation (14)),
the resistance change dR and also the output
voltage Up can be determined simultaneously
using the corresponding equations.

Equation (14) is valid for the full bridge circuit
under the condition that R5 is constant (see
equation (11a)):

Upe - (k +k, +ky + k) - R 1

(=}

.
\, 4 - 1
Y_T._r - | ZAWRR; ‘( g /2

5 < kin— >
.dc param H -2000 2000 25 param dT list 0 50 100

dr = 2
b-(Uy Uy )-Ry-(k +ky)-(ky +k,) b
Uy V1
Uv A I\—‘
::':Rs w7
> {kE*RO*(1+f+dT))
_ T U_BR L&
L ]
(_ $1 oeﬁ-R‘;?{? Usr L?’ Lymin |12
i SAMRRS
52 T By ¥ J
[ kin— U1 # Uo |, &—us—id - B
(o)) IW'R? =

: f%i f 23 I

<

Fig. 14: Full bridge circuit with four sensor
elements (AMR-sensors R1-R4)

J_BR)"(V(K1)$V(K2)+V(k3)+V(k4))*100)/(V(beta) (V(Uv)-V{U_BR))*986.5*(V(k1)+V(k2))*

';.'._ AdT  4gr-50K dT=100K
o dT =0 K

'l{V(L‘III_‘BR]‘{V{H]+Vlk2;+\l'[k3]+\|’{k4:|}‘1lll}]F{V{aIpha}‘(\l'(Uv;-V{U_BR}}Hl]lll]‘{V(k1]+V{

Fig. 15: Full bridge circuit (see Fig. 14)
depending on applied magnetic field
strength H with temperature change
dT as parameter. Top: Resistance
change dR; middle: Temperature
change dT; bottom: Voltage Up
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5. Conclusion

A new concept is described which allows the
simultaneous measurement of the change in
resistance dR and the change in temperature
dT. This is achieved by using the applied
voltages and temperature coefficients of all
resistors in the Wheatstone bridge. This
concept is applicable to quarter, half and full
bridge circuits with different numbers of sensor
elements. It is shown how the relevant
information (resistors R1 to R4) is determined
in an already manufactured Wheatstone bridge
circuit with an operational amplifier circuit. A
possible offset of the bridge circuit due to a
mismatch of the four resistors is not relevant.
The additional information about the tempera-
ture can help to obtain more accurate results.
The bridge circuit can not only be used for
compensation of the temperature influence, but
also as a temperature sensor for condition
monitoring or diagnostic functions in the
application. Thus, the bridge circuit can provide
two different information simultaneously:
resistance change dR and the temperature
change dT. In this example, the temperature
coefficient is assumed to be constant - if this is
not the case, the calculation can be performed
using a numerical approach. A patent
application has already been filed.
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