
T =
1

2
m ⋅ v2 =

N

2
k ⋅T

T[°F]= 32+1.8 ⋅T[°C]





σ = q ⋅ n ⋅μn + p ⋅μp( )

μ T( )⇓T
n = constant

μ T( )⇓T
n⇑⇑T

Metals and doped semiconductors Intrinsic semiconductors

PTC NTC



n =
√
n2
i =

√
NcNv · exp(−Egap

2kT
)

doped:  n=ND ;   p= ni
2

ND

intrinsic :  ni = pi

NC = 2

(
2πm∗

nkT

�2

) 3
2

NV = 2

(
2πm∗

pkT

�2

) 3
2

μn =μ0n ⋅T
−2.42

@T =300K     μn =2000 cm2V −1s−1⇒

μ0n =
μ300

300−2.42 =1.97 ⋅109  cm2V −1s−1

μn T( )=1.97 ⋅109 ⋅T −2.42

μ p =μ0 p ⋅T
−2.20

@T =300K     μ p =500 cm2V −1s−1⇒

μ0 p =
μ300

300−2.20 =0.14 ⋅109  cm2V −1s−1

μn T( )=0.14 ⋅109 ⋅T −2.20



the  resistence is known at the reference temperature: T0

R T0( )=K ⋅exp B
T0

⎛

⎝
⎜

⎞

⎠
⎟⇒K =R T0( )⋅exp −

B
T0

⎛

⎝
⎜

⎞

⎠
⎟

R T( )=R T0( )⋅exp −
B
T0

⎛

⎝
⎜

⎞

⎠
⎟⋅exp B

T
⎛
⎝
⎜

⎞
⎠
⎟

R T( )=R T0( )⋅exp B
T
−

B
T0

⎛

⎝
⎜

⎞

⎠
⎟              B=

EG

2k

R T( )=R T0( )⋅exp B⋅ 1
T
−

1
T0

⎛

⎝
⎜

⎞

⎠
⎟

⎡

⎣
⎢

⎤

⎦
⎥
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variable mobilities
constant mobilities at 300 K

R(T ) = ρ(T )
l

A
=

1

q[μn(T ) + μp(T )]n(T )

l

A
≈ 1

q(μn + μp)

1√
NcNvexp(−Egap

2kT )

l

A

→ R(T ) = K · exp(B
T
)

con B =
Egap

2k
; K =

1

q(μn + μp)

1√
NcNv

l

A

T =

[
1

T0
+

1

B
· ln

(
R(T )

R0

)]−1

R T( )=R T0( )⋅exp B 1
T
−

1
T0

⎛

⎝
⎜

⎞

⎠
⎟

⎡

⎣
⎢

⎤

⎦
⎥

R T( )=R TA( )+
dR
dT T=TA

⋅ T −TA( )=

        =R TA( )+ −R T0( )⋅
B

T 2 ⋅exp B 1
T
−

1
T0

⎛

⎝
⎜

⎞

⎠
⎟

⎡

⎣
⎢

⎤

⎦
⎥

T=TA

⋅ T −TA( )

        =R TA( )−R TA( )⋅
B

TA
2 ⋅ T −TA( )

⇒ R T( )=R TA( )⋅ 1− B
TA

2 ⋅ T −TA( )
⎡

⎣
⎢

⎤

⎦
⎥

0

500

1000

1500

2000

280 300 320 340 360 380 400

R
es

is
ta

nc
e 

[Ω
]

Temperature [K]

50

100

150

200

250

300

350

400

320 325 330 335 340 345 350 355 360

R
es

is
ta

nc
e 

[Ω
]

Temperature [K]

numerical example:

B = 5000K;  

TA = 340K;  R TA( ) =140Ω

R T( ) =140 ⋅ 1−
5000

3402
⋅ T −340( )

⎡

⎣
⎢

⎤

⎦
⎥=140 ⋅ 1− 0.04 ⋅ T −340( )⎡⎣ ⎤⎦

R T( )=R0 ⋅ 1− B
Ti

2 ⋅ T −T0( )
⎡

⎣
⎢

⎤

⎦
⎥      ⇒    R T( )=R0 ⋅ 1+α ⋅ T −T0( )⎡⎣ ⎤⎦

α =
1
R0

dR
dT

=
d

dT
R
R0

= −
B

T 2

R(T ) = R(TA) · [1− α · (T − TA)]



T =

[
α+ β ·

(
ln

R(T )

R0

)
+ γ ·

(
ln

R(T )

R0

)2

+ δ ·
(
ln

R(T )

R0

)3
]−1

Bead sensor
Panasonic ERTD

Chip sensor
Semitec H3

R(T ) = R0exp(B(
1

T
− 1

T0
)

ln(
R(T )

R0
) = B(

1

T
− 1

T0
)

log(
R(T )

R0
) =

B

2.303 · 1000(
1000

T
− 1000

T0
)

α = −3650

3002
= −0.040 K−1

α = −3400

3002
= −0.037 K−1



ρ T( )=
1

q⋅μ T( )⋅n T( )
=

1
q⋅μ0 ⋅T

−2.42ND

ND =1018  cm−3 ; μ0 =1.97 ⋅109   cm2

V ⋅s⋅K 2.42

n(T)

ρ(T)

ρ T( )=0.31⋅10−8 ⋅T 2.42  Ω⋅cm

µ(T)

Temperature [C]
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R(T )=R T0( )⋅ 1+α ⋅ T −T0( )⎡⎣ ⎤⎦

T0 =0°C      R T0( )=100  Ω
α =0.0039  K −1

R(T )=100 ⋅ 1+0.0039 ⋅T[ ]   con T in °C

ρ(T ) = ρ(T0) · [1 + α(T − T0)]

PT100



V0

RSIA

R0

RS
VA

V0

V0(T ) = VA · RS(T )

R0 +RS(T )
V0(T ) = IA ·RS(T )

RS = R0 +ΔR = R0 ·
(
1 +

ΔR

R0

)
= R0 · (1 + δ)

δRTD = α · (T − T0)

δthermistor = exp

[
B

(
1

T
− 1

T0

)]
− 1

S =
dV0

dT
=

dV0

dδ

dδ

dT

Iin =
Vin

Rin

= IF ; Vin −0
Rin

=
0−Vout

RF

Vout = −
RF

Rin

⋅Vin = −Iin ⋅RF

A=− Vout

V+ −V−

A=∞ e  Vout finite⇒V+ =V−

iF =
vin

Rin



R1 =R2  ; R3 =R4 =R

V0 =VS ⋅ 1+ R2

R1

⎛

⎝
⎜

⎞

⎠
⎟=2⋅VS

IS = I1+ I2 =
Vi −VS

R4

+
2⋅VS −VS

R3

=
Vi −VS

R
+

VS

R
=

Vi

R

-
+

RS

R1

R2

R3
R4

VS

Vo

Vi
ISI1

I2

iR =
vload − vin( )− vload

R
= −

vin

R



ΔM→ ΔR→ ΔV R = f ( M );   V0 = f ( R )

Vo =Vi ⋅
Ro ⋅ 1+δ( )

Ri + Ro ⋅ 1+δ( )

RS = R0 +ΔR = R0 ·
(
1 +

ΔR

R0

)
= R0 · (1 + δ)

δ

δ
δ

δ

Vo =V ⋅
Ro ⋅ 1+δ( )

Ri +Ro ⋅ 1+δ( )

S = dV
dδ

=V
Ro ⋅ Ri +Ro ⋅ 1+δ( )⎡⎣ ⎤⎦−Ro ⋅ Ro ⋅ 1+δ( )⎡⎣ ⎤⎦

Ri +Ro ⋅ 1+δ( )⎡⎣ ⎤⎦
2 =V Ro ⋅Ri

Ri +Ro ⋅ 1+δ( )⎡⎣ ⎤⎦
2

max S⇒ dS
dRi

=0

dS
dR

=V
Ro ⋅ Ri +Ro ⋅ 1+δ( )⎡⎣ ⎤⎦

2
−Ro ⋅Ri ⋅2⋅ Ri +Ro ⋅ 1+δ( )⎡⎣ ⎤⎦

Ri +Ro ⋅ 1+δ( )⎡⎣ ⎤⎦
4

dS
dR

=0⇒ Ro ⋅ Ri +Ro ⋅ 1+δ( )⎡⎣ ⎤⎦
2
−Ro ⋅Ri ⋅2⋅ Ri +Ro ⋅ 1+δ( )⎡⎣ ⎤⎦=0

                 Ro ⋅ Ri +Ro ⋅ 1+δ( )⎡⎣ ⎤⎦=Ro ⋅Ri ⋅2;  Ri +Ro ⋅ 1+δ( )=Ri ⋅2;
                  Ro +Ro ⋅δ =Ri

the maximum sensitivity around δ=0 is obtained when: Ri =Ro

S = dV
dM

=
dV
dδ

⋅
dδ
dM
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DELTA

V
/V
0

Vo =V ⋅
R0 ⋅ 1+δ( )

Ri + Ro ⋅ 1+δ( )
⇒

Vo
V
=

1+δ( )
Ri
Ro
+ 1+δ( )

Ri
Ro

V0

V

δ

Vo =V ⋅
Ro ⋅ 1+δ( )

Ro +Ro ⋅ 1+δ( )
=V ⋅

1+δ
2+δ

linearization around  δ=0

when δ <<1⇒Vo δ( )=Vo δ =0( )+
dVo

dδ δ=0
⋅δ

Vo δ( )=
V
2
+V 1

2+δ( )2

δ=0

⋅δ

Vo δ( )=
V
2
+

V
4
⋅δ

S = dVo

dδ
=

V
4
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THERMISTOR CALIBRATION

TEST

Vin = 5 V ;R1 = 10 KΩ

V0 = Vin

R1

R1 +RS

→ RS = R1
Vin − V0

Vin

RS = R0 ∗ exp(B · ( 1
T

− 1

T0
))

T1 = 22 + 273 = 293 K → Rs = 11.2 KΩ
T2 = 76 + 273 = 349 K → Rs = 6.35 KΩ

B = 1079 K;
T0 = 293 K;
R0 = 11.20 KΩ

Ttest = 37 + 273 = 310 K
Rtext = 9 KΩ

T =
1

1
B
log

(
Rs

R0

)
+ 1

T0

=

= 311.4 K = 38.4 K
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RESPONSE CURVE

V0 = Vi

R1

R1 +R0exp(B( 1
T
− 1

T0
) τup = 2.92 s

τdown = 5.15 s

T (t) = Tin +ΔTe−t/τ



TIME [s]
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VOLTAGE

2.358

2.359
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2.362

2.363

ΔV err
0 =

Vin

210
=

5

1024
= 0.0049 V

T = 22◦C
S =

dV0

dT
= −R1Vin

αR0

R1 +R0(1 + α(T − T0))2
(α = − B

T 2
)

S22 = −0.0349
V

K

Tres =
ΔV err

0

S22
=

0.0049

0.0349
= 0.33 K
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22

22.05

22.1

22.15

22.2

22.25

22.3

R1

R2

R3

Rx

ΔV
V2

V1

V1 =V Rx

R3 +Rx

               V2 =V R2

R1+R2

ΔV =V1−V2 =V ⋅ Rx

R3 +Rx

−
R2

R1+R2

⎛

⎝
⎜

⎞

⎠
⎟=0

Rx

R3 +Rx

−
R2

R1+R2

=
1

R3

Rx

+1
−

1
R1

R2

+1
=0⇒ R3

Rx

=
R1

R2

⇒ Rx =
R3 ⋅R1

R2



ΔV =
V
2
−V R0

R0 +R0 ⋅(1+δ)
=

V
2
−

V
2+δ

=
V
2

δ
2+δ( )

=
V
4

δ
1+ δ

2

RS =Ro +ΔRo =Ro ⋅ 1+ΔRo

Ro

⎛

⎝
⎜

⎞

⎠
⎟=Ro ⋅ 1+δ( )

if   δ«1⇒ΔV =
V
4
δ

R0(1+δ)

Ro

R0(1+δ)

R0(1+δ)

ΔV

Ro

ΔV =Vi ⋅
R0 ⋅(1+δ)

R0 +R0 ⋅(1+δ)
−V R0

R0 +R0 ⋅(1+δ)
=

      =V ⋅ 1+δ
2+δ

−
1

2+δ
⎛
⎝
⎜

⎞
⎠
⎟=V ⋅ δ

2+δ

δ«1⇒δ«2⇒ ΔV =
V

2
δ

S =
V

2



Ro

R0

R0(1+δ)

R0(1-δ)

ΔV

V2
V1

ΔV =Vi ⋅
R0

2⋅R0

−Vi ⋅
R0 ⋅(1−δ)

R0 ⋅(1−δ)+R0 ⋅(1+δ)
=

     =Vi ⋅
2
−Vi ⋅

1−δ
2

=
Vi ⋅
2
⋅δ

S = dΔV
dδ

=
Vi

2

R0(1+δ)

ΔV

R0(1+δ)

R0(1-δ)
ΔV =Vi ⋅

R0 ⋅(1+δ)
R0 ⋅(1+δ)+R0 ⋅(1−δ)

−Vi ⋅
R0 ⋅(1−δ)

R0 ⋅(1+δ)+R0 ⋅(1−δ)
=Vi ⋅δ

S = dΔV
dδ

=1⋅Vi

R0(1-δ)



Ri =R0 ⋅ 1+δi( )   i=1−4

R3=R0(1+δ3)

V0

R2=R0(1+δ2)

R1=R0(1+δ1)

R4=R0(1+δ4)

Vo
Vi
=

R2

R1 + R2

−
R4

R3 + R4

Vo
Vi
=

R0 1+δ2( )
R0 1+δ1( )+ R0 1+δ2( )

−
R0 1+δ4( )

R0 1+δ3( )+ R0 1+δ4( )

δ δ δδ

Vo
Vi
=

1
4
+δ1 −δ2 −δ3 +δ4( )

R3=R0(1+δ3)

V0

R2=R0(1+δ2)

R1=R0(1+δ1)

R4=R0(1+δ4)

Ri = R0 ⋅ 1+δi( ) = R0 + ΔRi

Vo
Vi
=

R+ΔR4

R+ΔR3 + R+ΔR4

 − 
R+ΔR2

R+ΔR1 + R+ΔR2

 

assumption : ΔRi«R e ΔRiΔRj = 0( )
numerator:  

R+ΔR4( ) ⋅ R+ΔR1 + R+ΔR2( )− R+ΔR2( ) ⋅ R+ΔR3 + R+ΔR4( )
≅ R ⋅ +ΔR1 −ΔR2 −ΔR3 +ΔR4( )

denominator:

R+ΔR3 + R+ΔR4( ) ⋅ R+ΔR1 + R+ΔR2( )
= 4 ⋅R2 + 2 ⋅R ⋅ ΔR1 +ΔR2 +ΔR3 +ΔR4( ) ≅ 4 ⋅R2

Vo
Vi
=
R ⋅ +ΔR1 −ΔR2 −ΔR3 +ΔR4( )

4 ⋅R2 =
1
4
⋅ +

ΔR1

R
−
ΔR2

R
−
ΔR3

R
+
ΔR4

R

⎛

⎝
⎜

⎞

⎠
⎟=

1
4
⋅ +δ1 −δ2 −δ3 +δ4( )



ΔQabs = ΔQacq −ΔQlost

δ

δ

δ

P =1 mW  ⇒ I = P
R
=

1 mW
5 KΩ

=0.44 mA    e      V =R⋅ I =2.23  V

P =0.1 mW  ⇒ I = P
R
=

0.1 mW
5 KΩ

=0.31 mA    e      V =R⋅ I =1.58   V

ΔQabs = ΔQacq −ΔQlost;

dQabs = mc · dT
dQacq = Pel · dt = V I · dt
dQlost = Pdissdt = δ · (T − TA) · dt

mc · dT = V I · dt− δ(T − TA)

mc
dT

V I − δ(T − TA)
= dt

∫ T

TA

dT

V I − δ(T − TA)
=

∫ t

0

dt

mc

u = V I − δ(T − TA); du = −δT

−
∫ V I−δ(T−TA)

V I

du

u
= −t

δ

mc

ln
V I − δ(T − TA)

V I
= −t

δ

mc

T − TA =
V I

δ

[
1− exp

(
−t

δ

mc

)]
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PTC
NTC
Resistenza fissa

PTC R0 = 200 Ω; α = +0.0037 K
−1; δ =10−3

W

K

NTC R0 = 200 Ω; α = −0.0037 K
−1; δ =10−3

W

K

R=R0 ⋅ 1+α ⋅V ⋅ I
δ

⎡
⎣⎢

⎤
⎦⎥

V =R⋅ I =R0 ⋅ I ⋅ 1+α ⋅V ⋅ I
δ

⎡
⎣⎢

⎤
⎦⎥
=R0 ⋅ I +

α ⋅R0 ⋅ I
2

δ
⋅V  ⇒ V =R0 ⋅ I ⋅

1

1−α ⋅ R0 ⋅ I
2

δ

ΔT = R⋅ I 2

δ
⇒ ΔT =R273 ⋅exp B

T +∆T
−

B
273

⎛
⎝
⎜

⎞
⎠
⎟⋅

I 2

δ
  δδ

TA

RT = RT0 ·exp
(
B ·

(
1

T
− 1

T0

))
= 20·exp

(
3350 ·

(
1

323
− 1

273

))
= 2.992KΩ

α = − B

T 2
= −3350

3232
= −0.032 K−1

ΔT =
R · I2
δ

=
R323 · (1 + α ·ΔT ) · I2

δ

da cui :

ΔT =
R323·I2

δ

1− α · R323·I2

δ

=
2992·10−2

10−3

1 + 0.032 · 2992·10−2

10−3

= 2.7 K

Res
323+2.7 = 20 · exp

(
3350 ·

(
1

323 + 2.7
− 1

273

))
= 2.746 KΩ

Rapp
323+2.7 = 2.992 · (1− 0.032 · 2.7) = 2.730KΩ

Res −Rapp

Res
= 0.005



vrms =
1
T
⋅ v2( t)

0

T

∫ ⋅dt =Vmax ⋅
T1

T

steady state temperature =
V 2
max

Rδ

T1

T

λ

V1 =R0 ⋅i1 ⋅ 1+α ⋅T +γ ⋅ Iλ( )
V2 =R0 ⋅i1 ⋅ 1+α ⋅T( )

λ

V0 = AD ⋅ V2 −V1( )= AD ⋅R0 ⋅i1 ⋅γ ⋅ Iλ

R=R0 ⋅ 1+α ⋅T +γ ⋅ Iλ( )



V+ =V2
R2

R1+R2

I1 = I2 ⇒ V1−V−

R1

=
V− −Vout

R2

op. amp.  V+=V-

V− =
V1R2 +Vout R1

R1+R2

V+ =V− ⇒ V2
R2

R1+R2

=
V1R2 +Vout R1

R1+R2

Vout =
R2

R1

V2 −V1( )



vout =
R4

R3

⋅ v01−v02( )

i= v1−v2

R1

vo1−v1

R2

= i= v1−v2

R1

 ; v2 −vo2

R2

= i= v1−v2

R1

vo1 =
R2

R1

v1−v2( )+v1

vo2 =−
R2

R1

v1−v2( )+v2

vo1−vo2 =
R2

R1

v1−v2( )+v1+
R2

R1

v1−v2( )−v2 =

=2 R2

R1

v1−v2( )+ v1−v2( )= 1+2 R2

R1

⎛

⎝
⎜

⎞

⎠
⎟⋅ v1−v2( )

vout =
R4

R3

⋅ 1+2 R2

R1

⎛

⎝
⎜

⎞

⎠
⎟⋅ v1−v2( )



I = IO ⋅ exp
qV

kT

⎛

⎝
⎜

⎞

⎠
⎟−1

⎡

⎣
⎢

⎤

⎦
⎥

IO = A ⋅q ⋅
Dp

LpNd

−
Dn

LnNn

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
⋅ni

2

ni
2 = ni ⋅ pi = NC ⋅NV ⋅exp −

EG

kT

⎛

⎝
⎜

⎞

⎠
⎟

NC = 2 ⋅
2πkT
h2

⎛

⎝
⎜

⎞

⎠
⎟

3
2

mn
*( )

3
2 ; NV = 2 ⋅

2πkT
h2

⎛

⎝
⎜

⎞

⎠
⎟

3
2

mp
*( )

3
2

ni
2 = 4 ⋅

2πkT
h2

⎛

⎝
⎜

⎞

⎠
⎟
3

mn
* ⋅mp

*( )
3
2 exp −

EG

kT

⎛

⎝
⎜

⎞

⎠
⎟

I T( ) =G ⋅T 3 ⋅exp
qV −EG

kT

⎛

⎝
⎜

⎞

⎠
⎟

L= D⋅τ ;    D=µ kT
q
≈T −2T ≈T −1

τ =
1

vthNTσ
≈T −1

2

L≈ T −1 ⋅T −1
2 ≈T −3

4 ;         D
L
≈T −1 ⋅T

3
4 ≈T −1

4

I0

I

V

T

VD = Φ+
T

α
ln

(
I1

GT 3

)

S =
dVD

dT
=

1

α
· ln

(
ID
GT 3

)
− 3

α

I T( ) =G ⋅T 3 ⋅exp
qV −EG

kT

⎛

⎝
⎜

⎞

⎠
⎟

Φ =
Eg

q
= 1.12 V ; α =

q

k
= 11600 V/K
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Response with I=0.1 mA

V (T ) = V (T0)− S · (T − T0)

equivalent to a thermistor:

R(T ) =
VD(T )

I0
= R(T0)− S

I0
· (T − T0) = R(T0) · [1− α(T − T0)]

T = 0◦C → VD(T0) = 0.55 V ;R(T0) =
VD(T0)

I0
= 5.5 KΩ;

α =
S

I0R(T0)
=

S

VD(T0)
=

2.4 · 10−3

0.55
= 0.004 K−1



ΔV =Vbe2 −Vbe1 =  kT
q

ln I2

IS

⎛

⎝
⎜

⎞

⎠
⎟−ln I1

IS

⎛

⎝
⎜

⎞

⎠
⎟

⎡

⎣
⎢

⎤

⎦
⎥=

k
q

ln I2

I1

⎛

⎝
⎜

⎞

⎠
⎟

⎡

⎣
⎢

⎤

⎦
⎥T

=
1.38 ⋅10−23 J ⋅K −1

1.6 ⋅10−19C
=86 μV

K

I = IS ⋅exp qVbe

kT
⎛
⎝
⎜

⎞
⎠
⎟

Op amp action ⇒V1 =V2

Vo − R1 ⋅ Ic1 =Vo − R2 ⋅ Ic2 ⇒
Ic1
Ic2

=
R2

R1

voltage drop across R5 is :

Vbe1 −Vbe2 =VT ⋅ ln
Ic1
Is1

⎛

⎝
⎜

⎞

⎠
⎟−VT ⋅ ln

Ic2

Is2

⎛

⎝
⎜

⎞

⎠
⎟=VT ⋅ ln

Ic1
Ic2

Is2

Is1

⎛

⎝
⎜

⎞

⎠
⎟=VT ⋅ ln

R2

R1

⎛

⎝
⎜

⎞

⎠
⎟

the current in R5 is :

I =
Vbe1 −Vbe2

R5

=
VT
R5

⋅ ln
R2

R1

⎛

⎝
⎜

⎞

⎠
⎟

disregarding the base currents:

V0 = R4 + R5 + R6( ) ⋅ I = R4 + R5 + R6

R5

VT ⋅ ln
R2

R1

⎛

⎝
⎜

⎞

⎠
⎟

V0 =
R4 + R5 + R6

R5

⋅
k

q
⋅ ln

R2

R1

⎛

⎝
⎜

⎞

⎠
⎟

⎡

⎣
⎢

⎤

⎦
⎥⋅T =10

mV

K
⋅T

-
+V1

V2

V0

VS

Vb1

Vb2

R1 R2

R3

R4

R5

R6

IC1 IC2

Q1 Q2



I =μ ⋅T    ;  μ =1 μA
K

Ic1 = Ic2 =
I
2

    ;      Is1

Is2

=8

VR =VBE1−VBE 2 =VT ⋅ln
Ic1

Is1

⎛

⎝
⎜

⎞

⎠
⎟−VT ⋅ln

Ic2

Is2

⎛

⎝
⎜

⎞

⎠
⎟=VT ⋅ln

Ic1

Ic2

Is1

Is2

⎛

⎝
⎜

⎞

⎠
⎟=VT ⋅ln 8( )

I =2⋅ Ic2 =2⋅VR

R
=2⋅VT

R
⋅ln 8( )=2⋅ k ⋅T

q
⋅
1
R
⋅ln 8( )= 2⋅ k

q
⋅
1
R
⋅ln 8( )

⎡

⎣
⎢

⎤

⎦
⎥⋅T

R is chosen in order to achieve µ=1 µA/K

Working principle

Vu =RL ⋅μ ⋅T

Vu =−RL ⋅μ ⋅T

VAD590 =VA−RL ⋅μ ⋅T

VA =4 V ;  RL =1 KΩ



-
+

T1 T2

R0

V0

Vi>4 V

I1 = μT1

I2 = μT2

V0 = −R0 · (I1+ I2) = −R0 · (μT1+μT2) = −μR0 · (T1+T2) = −2μR0 · T1 + T2

2

→ V0 = −R0 · nμ · 〈T 〉

μT2

μT1

V1 V2=Vi-V1

I

V

-
+

T1 T2

R0

V0

Vi>4 V

T2>T1

V0 = −R0 · μT1
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EF =EF0 ⋅ 1−π
2

12
⋅

kT
EF0

⎛

⎝
⎜

⎞

⎠
⎟

2

−
π 4

80
⋅

kT
EF0
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TP =
dVAB
dT

= ATPA − ATPB
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T [K]

SA = c1 + mA ⋅T
SB = c2 + mB ⋅T

dVAB

dT
=c3 + mA−mB( )⋅T ;   c3 =c1−c2

VAB =
dEAB

dT
⋅dT

T0

T

∫ = c3 + mA−mB( )⋅T ⋅dT
T0

T

∫ =c3 ⋅ T −T0( )+
1
2

mA−mB( )⋅ T 2 −T0
2( )

VAB = c3 ⋅dT =E0 +c3
T0

T

∫ ⋅ T −T0( ) TP = dVAB

dT
=c3

  

EAB = SA − SB( ) ⋅ dT
T0

T

∫





Vi =−TP ⋅ T −TA( );   

V0 −Vi =
V
2
−V ⋅

R 1+δ( )
R+R 1+δ( )

=
V
2
−V ⋅

1+δ
2+δ

=−
δ ⋅V

2⋅ 2+δ( )

V0 =−TP ⋅ T −TA( )−
α ⋅ TA−T0( )⋅V

4+2⋅α ⋅ TA−T0( )
=−TP ⋅ T −T0( )+TP ⋅ TA−T0( )−

α ⋅ TA−T0( )⋅V
4+2⋅α ⋅ TA−T0( )

     ≅−TP ⋅ T −T0( )+TP ⋅ TA−T0( )−
α ⋅ TA−T0( )⋅V

4

independence from reference : −TP ⋅ TA−T0( )=
α ⋅ TA−T0( )⋅V

4
⇒TP =α ⋅V

4

RRTD = R ⋅ 1+δ( ) = R ⋅ 1+α ⋅ TA −T0( )( )

T V1

R(1+ )

R R

R
V0

TA

V

Vp



Vi −Vo
R

∑ = 0 Vo =

Vi
Ri

∑
1
Ri

∑
=

1
n
⋅ Vi

i

∑

  

V0 = ΔV1 + ΔV2 + ΔV3 =α ⋅ T1 −T0( ) +α ⋅ T2 −T0( ) +α ⋅ T3 −T0( ) =α ⋅ T1 + T2 + T3 −3 ⋅T0( ) =

    = 3 ⋅α ⋅ T1 + T2 + T3

3
− 3 ⋅T0

3

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ = 3 ⋅α ⋅ T −T0( )



Vo = n ⋅TPAB ⋅  ΔT



    
V = RS ⋅ I = R0 ⋅ 1+α ⋅ T −T0( )[ ] ⋅ I

    
V =100 ⋅ 1+ 0.005 ⋅ 70 − 20( )[ ] ⋅ 0.01=1.25V

vrms =
1

T
⋅ v 2(t)
0

T

∫ ⋅ dt

  
v(t) = V ⋅ sin

2π
T
t

⎛ 
⎝ 

⎞ 
⎠     ⇒      vrms =

V

2
.




