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Chapter 1

Circuits containing one
CPE

1.1 Constant Phase Element (CPE), symbol Q

\)
I

Figure 1.1: Most often used symbol for CPE (see also the Appendix A).

1 Ca Sa
Z=—" — ReZ= L Im Z = —
Q (iw) Quw* Qu™
Co = cos(%) , Sa = sm(ﬂ)
1 T
7|l = ——— [ —
| | Qw“ ) ¢Z 2
The Q unit (Fem=2s5*"1) depends on a (1).
1.2 Circuit (R+Q)
1.2.1 Impedance
1 Co Sa
Zw)=R+ ——,ReZ=R+ ,Im Z =—
() Q (iw) Q w™ Qw>
1 Different equations for CPE: Z = Q 3], Z = ! [18]
. (iw)tme =7 (Qiw)™ '
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CHAPTER 1. CIRCUITS CONTAINING ONE CPE
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Figure 1.2: Nyquist diagram of the impedance and admittance for the CPE element,
plotted for @ = 0.8. The arrows always indicate the increasing frequency direction.

Q
Figure 1.3: Circuit (R+Q).

1.2.2 Reduced impedance

1

Z*(u) =1+ G u=wrl/*
iu
i /
N 0.5 Ue=1
£ 1 Uc=1 .
| £ /\
0
00 1 2 0
Re Z*

Re Y~
Figure 1.4: Nyquist diagram of the reduced impedance and admittance (Y*
for the (R4Q) circuit, plotted for o = 0.8.

= RY)



1.3. CIRCUIT (R/Q) 7

1.3 Circuit (R/Q)

= o0

—L R

Figure 1.5: Circuit (R/Q).

1.3.1 Impedance

Z =— :7=R
() 1+7(w)®’ i @
R(1+7w%cq) RTw%s,
Re Z = s Im Z = —
e Z(w) 14712022 4 270%¢, m Z(w) 14+ 712w2e +27wW% ¢,
1.3.2 Reduced impedance
Z(w)
Z>.< = = . :R
e T e P W
1+7w%cq T WY Sy
Re Z* = - Im Z* - _
°Z"(w) 14+ 7m2w2e 427w, m Z7(w) 14 712w2e 427w ¢,
dI Z* -1+« 71+ 2 2« o
mZ7(w) _arw T (CLA ) S ey
dw I+ 72w +27w%c,)
s
Re Z*(we) = 1/2, Tm Z*(w,) = ———2
2% = 1/2, I 2"(w) = e

2 2
o = — arccos [ —1 + 5
@ 1+4Im Z*(w.)

Z') =, u=wrtfe
1+ (iu)

(Fig. 1.6)

1.3.3 Pseudocapacitance #1

The value of the pseudocapacitance C (C/F cm™2) for the (R/C) circuit giving
the same characteristic frequency than that of the (R/Q) circuit (Fig. 1.7) is

Obta’ined fI‘OIn:
1 o 1 . 1 1_q
(lzc/))l/(! RC = CfQC‘RC‘

We =



8 CHAPTER 1. CIRCUITS CONTAINING ONE CPE

i /

0.5 Uc=1 >
"y c 1 Uc=1
£ N -
|

0 0
0 1 0 1 2
Re Z" Re Y~

Figure 1.6: Nyquist diagram of the reduced impedance (depressed semi-circle [16])
and admittance (Y* = RY) for the (R/Q) circuit, plotted for o = 0.8.

Q C
*@‘ %

1
(RQY*

we=1/(RC)

We

Figure 1.7: (R/Q) and (R/C) circuits with the same characteristic frequency at the
apex (or summit) of impedance arc.

1.3.4 Pseudocapacitance #2

The value of the pseudocapacitance C (C'/F cm™2) for the (R¢/C) circuit giv-
ing the same impedance for the characteristic frequency of the (Rq/Q) circuit
(Fig. 1.7) is obtained from [2, 6]:

Rq

C Ql/aRS/a)il sin(am/2), Rc = 2 (cos(am/4))?

with:
T(Re/C) = (Rq @)Y/ tan(a m/4)



1.4. CIRCUIT (R/Q)+(R/Q)+ .. (VOIGT) 9

Q C
\\ Il
i 1
JE— — —> JE— —
1
N c (RQ Q)l/a
E
I
0
0 RC RQ
Re Z

Figure 1.8: (Rq/Q) and (Rc/C) circuits with the same impedance for the character-
istic frequency of the (Rq/Q) circuit.

1.4 Circuit (R/Q)+(R/Q)+ .. (Voigt)

2=y - R,
7i:11+ri(iw)°”’ v

NRQ i
R; (14 7 w% cqi)
Re Z(w) = E
°Zw) =1 L+ 72 w2 + 27;w% Cqy)

R 1w 54

i 2() = 7; 14+ 72 w2% 4 27w Coi

1.5 Circuit (R;+(R2/Q2))

Q

\\
I

—

Figure 1.9: Circuit (R1+(R2/Qz)).



10 CHAPTER 1. CIRCUITS CONTAINING ONE CPE

1.5.1 Impedance

Z(w) =Ry + i
(iw)*2 Qq + R_2
(Bt Re) I+ (w)*2m) _ Ri R Q2
Z(W)— 1+(iUJ)a2T1 ) TI_RQQQ) T2 = R1+R2
1.5.2 Reduced impedance
ey Zu) 14T (iu)*?
Z*(u) = Ri+Ry 1+ (u) (1.1)
1/0&2

u=7,"w, T =7/ =Ri/(R1+Rs) <1
T o, u®? + co u® + Tu?2 + 1
B 2¢o u®? +u22 +1
(1 —=T)u*2 s,
2cqu®? 4+ u2e2 + 1

Re Z*(u)

Im Z*(u) = —

-ImZz
- ImZ*

0 Rl R1+ Rg
ReZ ReZ*

Figure 1.10: Nyquist diagrams of the impedance and reduced impedance for the
(R1+(R2/Q2)) circuit.

1.6 Circuit (R;/(R24+Q>))

Q2

" )

Figure 1.11: Circuit (R1/(R2+Q2)).



1.7. TRANSFORMATION FORMULAE BETWEEN(R+(R/Q)) AND (R/(R+Q))11

1.6.1 Impedance

Z(w) = Rll(it_:ég;;):z), 1= (R1+ Ra) Q2, 2 = R2 Q2

_ (COS (%) (11 + 72) W2 + T RW?2 + 1)

Re Z =
e Z(w) 5 (leo‘2 + 2 cos (”3‘2 )) w2 4+ 1

w*? sin (”32) Ry (11— 12)

1 (le‘l? + 2 cos (%)) w2 + 1

Im Z(w) = —

1.6.2 Reduced impedance

Z(u) _1+T(u)

Ry 1+ (iu)2
w=1"w, T =75/m = Ra/(R1 + Ry) < 1

cf. Eq. (1.1) and Fig. 1.10.

Z*(u) =

1.7 Transformation formulae between(R+(R/Q))
and (R/(R+Q))

1.7.1 Qg1 = (92

Qa1
) R

Ry — - Qx
Ro1 — R ))

Figure 1.12: The (R+(R/Q)) and (R/(R+Q)) circuits are non-distinguishable for

Q21 = (22 [1]

Transformations formulae (R4+(R/Q)) — (R/(R+Q))

R%l Q21R§1
Ri3 = Ri1 + Ra1, R = Rt + R11,Q22 = m

Transformations formulae (R/(R+Q))—(R+(R/Q))

_ Qo (Rig+ Rap)? Ri2Rao R,

Qar R, T Ria+ Ry ' T Rig + Rao

1.7.2 921 # Q99

The (R+(R/Q)) and (R/(R+Q)) circuits (Fig. 1.12) are distinguishable for
Qo1 # 22
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Chapter 2

Circuits made of two CPEs

2.1 Circuit (Q1+Q5)

Q Q
\) \)
I I

Figure 2.1: Circuit (Q:14Qz2).

2.1.1 a1 = g =«

(1 1 I 1 Q1@
Z(w>(Q1+Q2>(

iw)  Q(Gw)*’ Q7Q1+Q2
cf. § 1.1.

2.1.2 (675} 7£ (6%}
Impedance

_ 1 n 1 _ @ (1w)* + Q2 (iw)2
Q1 (iw)*r Q2 (iw)*2 Q1 Q2 (iw)ortoz

cos (m) w— N Cos (m) w2

_ 2 2
Re 2(w) = @1 Q2

B 7sin (ﬂ) w— B sin (%) w2
tm Z(w) = @1 Q2

Za,| = |Zq,| = w = we = (@) =
Q1

13



14 CHAPTER 2. CIRCUITS MADE OF TWO CPES

o a1 < ag (Figs. 2.2 and 2.3)
1 1
w—00=>(w)x ————
@) Q1 (iw)™

Q2 (iw)2’

w—0=Z(w)~

o (] > (o
QQ (iw)‘”

1
,w— 00 = Z(w)~

Ql (iw)al

w—0=Z(w) =~

1 /7
1” ’//
200 -
l’ ,’/ a
S / N
= h ,// g
= / [
I ! ; S
] k=
1 //
v
U
0
0 200
log(Re Z/<Y)

ReZ/Q

Figure 2.2: Nyquist and log Nyquist [5] diagrams of the impedance for the (Q1+Q2)
circuit, plotted for @1 = 1072 Fem 27! Q=102 Fem 25227 a1 = 0.6, =

0.9 (a1 < az). Dots: we = (Qa/Q1)Y/ (@172,

-7 71'/2

5
S
N o
g | < :
A : :
i ~ -, /2 i
’ - —90b— |
-5 (Q/QYer2) 5 -5 (Qy/QpY@ia
log w/(rds™)

log w/(rd s1)

Figure 2.3: Bode diagrams of the impedance for the (Q1+Qz2) circuit. Same values

of parameters as in Fig. 2.2. a1 < ao.

2.1.3 Reduced impedance
Z%(u) = Qrwt Z(w) =
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2.1. CIRCUIT (Q1+Q>)

3f ! /
i ;
] /’
! /
i ;
| ,
! ,// o
20 ! ’ N
N ! / £
c | / =
= ! J/ |
I ll // N—
;
)]
1!/ 7 =]
1 4 —
!II ///
1 //
|/
0! :
0 1 2 3 2
log (Re Z*)

RezZ*

Figure 2.4: Nyquist and log Nyquist [5] diagrams of the reduced impedance for the
(Q14Qz2) circuit, plotted for aq = 0.6, 2 = 0.9 (1 < a2). Dots: uec = 1.

3 L _45
-1 7T/2 """""
N e
g L < :
-3r ! \\\ ------- - (_1/2 n2 i
' - -90 :
-3 0 3 -3 0 3
logu logu

Figure 2.5: Bode diagrams of the impedance for the (Q1+Qz2) circuit. Same values

of parameters as in Fig. 2.4. a1 < aa.



16 CHAPTER 2. CIRCUITS MADE OF TWO CPES

2.2 Circuit (Q;/Q>)

Figure 2.6: Circuit (Q1/Qz2).

221 oa=ay =«
1 1

)= Qe Gor ~ Qlo YT @@

cf. §1.1.

2.2.2 aq 7& 9

Impedance
1
Z(w) = - -
( ) Ql (lw)al + QQ (lw)OLQ

cos (&t A1 4 cos (T22 @2

Re Z(UJ) — 5 2( 2 )Qlw - ( 2 )QQW
Qw21 + Q3w2e2 + 2cos (37 (o — a2)) Q1Qawr 02

I Z(0) = sin (75) Quu® +sin (752) Qs

- Q%w%l + Q%w%? + 2 cos (%77‘ (aq — a2)) Q1 Qw12

o a1 < ay (Figs. 2.7 and 2.8)

0=Z7 ~ ! Z ~ L
G OZ A g ¢ T AR g
o (1 > (o
HOéZ()N; — éZ()Né
w w) ~ Qs (i)’ w — 00 w) =~ Or (i)
2.2.3 Reduced impedance
1 w

Z*(u) = Q1w§‘1 Z(w) = W, u = w_c
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2.2. CIRCUIT (Q1/Q>)

T /
k ,
| ,
1 ,
1 ’
1’ / //
! 2 a
1 4
% 50 - | N
4 €
= 1 J/ =
= ) L
| ! / (o))
I / =]
1 // -
! 4
i
0
50 0 3
log(Re Z/Q)

Re Z/Q

Figure 2.7: Nyquist and log Nyquist [5] diagrams of the impedance for the (Q1/Q2
circuit plotted for @1 = 1072 Fem 28171, Qe =102 Fem ™2 s%271, a1 = 0.6, a2 =

0.9 (a1 < az). Dots: we = (Qa/Q1)Y (@1 7e2),
-45

¢z/°

5

log |2/Q

-5

parameters as in Fig. 2.7. a1 < as.

—Imz*

(Qy/ Ql)i/ @12
log w/(rd s1)
Figure 2.8: Bode diagrams of the impedance for the (Q1/Q2) circuit. Same values of

-90

log (- Im Z*¥)

Re z*

-5

(Qy/QpY(@—a2
log w/(rd s™)

log (Re Z*)

Figure 2.9: Nyquist and log Nyquist [5] diagrams of the reduced impedance for the

(Q1/Q2) circuit, plotted for ay = 0.6, 2 = 0.9 (a1 < az). Dots: uc = 1.
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-45
-------- —aq /2
N o
g & !
E -, ﬂ/é ________
—90 !
-3 0 3
logu

Figure 2.10: Bode diagrams of the impedance for the (Q1/Qz2) circuit. Same values
of parameters as in Fig. 2.9. a1 < aa.



Chapter 3

Circuits made of one R and
two CPEs

3.1 Circuit (R1/Q;) + Q,)

Q1

)) Q

~
—~——

Figure 3.1: Circuit ((R1/Q1)+Q2).

3.1.1 o] =09 =

Impedance
1 1
Z(w) = + —
Ri1+Q1 (w)e  @2(w)
1+ (iw)*7
Z(w) = , 1 =R1Q1, 2= (Q1+Q2) R1, 11 <72

(iw)* Q2 (14 (iw)>m)

cos (%‘) (TngwQ“ + 1) W™ + cos(ma) Ty + T2
Q2 (71 (le‘l + 2 cos (%)) we + 1)

Re Z(w) =

sin (%) (7172w20‘ + 1) w™* + sin(ma) 7

Q2 (7‘1 (lea + 2 cos (%)) w® + 1)

Im Z(w) = —

19



20 CHAPTER 3. CIRCUITS MADE OF ONE R AND TWO CPES

Reduced impedance

ey Zu) 1 1+ T (iu)®
2 = R T TG A+ o) (3.1)

u=wr* T=1/11 =1+ Q2/Q1 > 1

u™ ((T + cos(am))u® + (Tu?> +1) cos (2F))
(T —1) (2cos (4) u™ + u2> +1)

1 u?e am
m 27 (u) = u <1T QCOS(%)uaJruqul)Sm 2

Re Z*(u) =

-ImzZ*

Re Z*

Figure 3.2: Nyquist diagram of the reduced impedance for the ((R1/Q1)+Qz2) circuit
(Fig. 3.1, Eq. (3.1)), plotted for T'=4,9,90 and o = 0.85. The line thickness increases
with increasing 7. Dots: reduced characteristic angular frequency uc1 = 1; circles:
reduced characteristic angular frequency ucz = 1/T% (¢puy = Pug,)-

3.1.2 (05} §£042

Impedance
1 1
Z(w) = + o
Qe Q0
1
e 200y = LRV Rl (38 QR +1)

B Q- Q1R (Q1R1w0‘1 + 2 cos (%)) w +1
Im Z(w) = sin (54 ) Q1 Rjw™ sin (T92) w22

7Q1R1 (Qlleal + 2cos (%)) w1 Q2



3.2. CIRCUIT (R + Q,)/Q,) 21

Figure 3.3: Circuit (R1+Q2)/Q1).

3.2 Circuit (R1 +Q,)/Q,)

321 a=m=a

Impedance
1 14 Qa Ry (i w)®
Z(w) = _ @)
()@t ——— (@ ey (14 DA
R+ o+ Q1+ Q-
(iw)* Q2

1+T2(i w)o‘ _ Q1 Q2 Ry

Z(w): (i w)> (Q1+Q2) (1+(i w)aﬁ), T = 01+ 0, T = Q2 Ry

w™* (cos(ma)w® + Tow® + cos (52) (row?® + 1))
(2 cos (%) WO 4 w20 + 1) Q1+ Qo)1

Re Z(w) =

w™%sin (Z2) (2cos (52) w* + mw?™ + 1)

(2cos (5) w +w? +1) Q1+ Q2) 7

Im Z(w) = —

Reduced impedance
Zu) T—-1 1+T({u)”
Ry T? (iw)*(1+ (iuv))

7" (u) =
u=wr/* T = To/T1=14Q2/Q1 >1
(T — 1)u= ((T + cos(am))u® + (Tu?* + 1) cos (%))
T2 (2 cos (O‘—;) ue 4 u2e 4 1)
(T —1u=" (2 COS (%) u® + Tu?® + 1) sin (%)
T2 (2 cos (%) us 4 y2o 4 1)

Re Z*(u) =

Im Z*(u) = —
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-ImZ*

ReZz”

Figure 3.4: Nyquist diagram of the reduced impedance for the ((R1+Q1)/Qz2) circuit
(Fig. 3.3, Eq. (3.2)), plotted for T'= 4, 9,90 and e = 0.85. The line thickness increases
with increasing 7. Dots: reduced characteristic angular frequency uc1 = 1; circles:
reduced characteristic angular frequency ucz = 1/T% (puy = Pu,, ).

1+7 (iw)a2
Z(w) = , T=R
) (0)" Q1+ ()™ ot rw)yig, 0@

Re Z(w) =
(W a1 (1+T2wW? ™ + 27w ca2) Q1 + W™ (TW™ + ca2) Q2) /

(@ (1+ 72w + 27w ca2) Q17 + 2w T (TW™ Ca1 + Catmaz) Q1 Q2 +w?*2 Q27)

<7r (aq — a2)>
Calma2 = COS | ——
2
Im Z(w) =
(—w™ (14 7°w?* + 27w ca2) Q1 Sa1 — w** Q2 5a2) /
(@ (1+ 72 w?* + 27w a2) Q1° +2w™ T2 (Tw™ ca1 + Catmaz) @1 Q2 + w?** Q%)



Chapter 4

Circuits made of two Rs
and two CPEs

4.1 Circuit ((R1/Q1)+(R2/Q2))

Q Q
\\ \\
Il If
Ry

Figure 4.1: Circuit ((R1/Q1)+(R2/Qz2)).

1 1
Z(w) = T 1
(iw)™ Q1+ & (1w)™ Q2 + o
R R
Z(w) = ! + 2 , 1 =R1Q1, m=R20Q2

1+ (w)m 14+ ({w)

_ Ri+ R+ (iw)" Ry + (iw)™ Ri 1

Z(w) (1+(w)" 1) (14 (1w)* )

Re Z(w) = Ry (14+w* cq171) Ro (14 w2 cho12)
S ldwaT (201 FwiTy) 14w T (2ch2 + w2 )

Im Z(w) w™ Ry Sa1T1 w2 Ry Sa2 T2
m W)= — —
14wy 2ca1 twr ) 14w*2r (2¢02 + w2 T2)

23



24 CHAPTER 4. CIRCUITS MADE OF TWO RS AND TWO CPES

0.3+

-ImZz*

0 0.5 1
Re Z"

Figure 4.2: Nyquist diagrams of the reduced impedance for the ((R1/Q1)+(R2/Qz2))
circuit (Fig. 4.1). R1 = Ra, a1 = az, Q2 > Q1.

05+ 05}
Uc1 = Uc2

Uci = Uc2 , .

N N z N

E E % N

| | ’ E

— /4 /4
0 : 0 ‘
0 0.5 1 0 0.5 1
ReZz* Re zZ*
Figure 4.3:

Unusual Nyquist diagrams of the reduced impedance for the
((Rl/Q1)+(R2/Q2)) CiI‘CLlit (Flg 41) R1 = RQ, QQ = Ql7 a1 = 1. Left: Qg — 037
right: as = 0.5.

4.2 Circuit ((R1+(R2/Q2))/Q1)

Z(w) !

(iw)al Q1+

1
Ry + e 1
(iw)az Q2+ R—2
Z(w) Ri+Ro+ (iw)™ Q2 Ry Ry

L+ ({w)™ Q1 (Ri + Ra) + (iw)* Qo R + (iw)" 72 Q1 Q2 R1 R»

Q

\\

11
Q>
\\
1l

A

Figure 4.4: Circuit ((R1+(R2/Q2))/Q1).



Re Z(w) = (R1 + Ry + w”** Q2> Ry (1 + w™ Co1 Q1 R1) Ro*+
W Ca1 Q1 (R1 + Ry)” +w™ Cao Qo Ry (Ry + 2Ry (1+w™ Co1 Q1 (Ry + R2)))) /

(1 =+ w22 Q22 (1 + w™ Ql Rq (2 Co1 + w™ Ql Rl)) R22+
wr Q1 (R1+ R2) (2Ca1 +w* Q1 (R1+ R2)) + 2w Q2 Re
X (Coz + w0 Q1 (Catmaz Re + Ca2 R1 (2C41 +w™ Q1 (R1 + R2)))))

7 (g — ag))

Calma2 = COS ( 2

Im Z(w) = (wal Ql (70)2&2 Q22 R12 R22 — 2w0‘2 a2 QQ Rl R2 (Rl + RQ) -
(R1 + R2)2) Sa1 — w*? Q2 Ry? SaQ) /

(14+w?*2Qs® (1+w™ Q1 Ry (2Ca1 +w™ Q1 Ry)) Ro>+
W Q1 (R + R) (2001 +w™ Q1 (R1 + R2)) +2w™ Q2 Ry
X (Co2 +w* Q1 (Catmaz R2 + Caz Ry (2Ca1 +w* Q1 (R1 + R2)))))

4.3 Circuit ((Q1—|—(R2/Q2))/R1)

Q
Q )
\\
i

Figure 4.5: Circuit ((Q1+(R2/Qz2))/R1).

R_l 1 " 1
. a1 1
(iw)™ Q1 (iw)az Qs + =
2

R (1 =+ (iw)al Ql Ry + (iw)aQ QQ RQ)
1+ (W)™ Q1 (R4 Ro) + (1w)*™ Q2 Ry + (iw)™ ™2 Q1 Q2 Ry R»




26 CHAPTER 4. CIRCUITS MADE OF TWO RS AND TWO CPES

Re Z(w) = (R1 (1 +w* Q2R (2Ca2 +w* Q2 Ra) +w?™ Q1° Ry
X (Re+ Ry (1+w*Ca2Q2R2)) +w™ Q1 (2R2 (Car + w*? Carmaz Q2 R2) +
Cot R1 (1+w* QaRy (202 +w™ Q2 R2)))))/
(14w Qy” (1+w™ Q1R (2Ca1 +w™ Q1 Ry)) Ro*+
W Q1 (R + R2) (2Ca1 +w™ Q1 (R1 + R2)) +
2w Q2 Ry (Caz2 +w™ Q1 (Caimaz Ro + Coz Ri (2Ca1 +w™ Q1 (R1 + R2)))))

Im Z(w) = —w* Q1 Ro® (Se1 +w™ Q2 Ry ((2Ca2 +w™ Q2 R2) Sa1 +w* Q1 R Sa2))/
(14+ w2 Qs® (1+w™ Q1 Ry (2Ca1 +w™ Q1 R1)) Ro+
W Q1 (R + R2) (2Ca1 +w* Q1 (R1+ R2))+
2w Q2 Ry (Coz + w™ Q1 (Cotmaz R2 + Caz R1 (2Cq1 +w™ Q1 (R1 + R2)))))

Ry (1+7 ((w)™ + 7 (1w)™)
1+ (1 + Rl/Rg) T1 (iw)al + 1o (iw)aZ + 71 T2 (Rl/Rg) (iw)a1+a2

Z(w) =

M=Q1R2, 2 =Q2R

4.4 Circuit (((Q2+R2)/R1)/Q1)

Q

\\
I

Q>

— L~

Figure 4.6: Circuit (((Q2+Rz2)/R1)/Q1).

1
. \oy 1 1
(1W) Q1+ R_l + 1

(iw)a2 Q2

Z(w) =

+ R

R (1+ (iw)™ Q2 Ry)
1+ (w)™ Q1R+ (1w) Qa Ry + (1w)* Q2 Ry + (iw)™ 72 Q1 Q2 Ry Ry

Z(w) =
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Re Z(w) = (R1 (1+w™ Q2 (w* Q2Ry (R1 + R2) 4+ Co2 (R1+2R2)) +
W Ca1 Q1R (1+w* Q2R (2Ca2 +w™? Q2 Ry2))))/
(14+w™ Q2 (B + R2) (2Ca2 +w™ Q2 (R1 + Ra)) +
W Q1P R? (14+w* Q2 Ry (2Ca2 +w* Q2 Re)) +2w™ Q1 Ry
X (Co1 + w*? Q2 (Catmaz R1 +2Ch1 Ca2 Ro + w2 Co1 Q2 R2 (R1 + R2))))

Im Z(w) = (R1® (— (W™ Q1 (1+w* Q2 Ra (2Caz +w* Q2 R2)) Sa1) —w™ Q2 Sa2)) /
(14 w* Q2 (R1+ R2) (2Ca2 +w** Q2 (R1+ Re)) +
W QIPR12 (14w QaRy (2000 +w™ Qo Ry)) +2w™ Q1 Ry
X (Ca1 +w* Q2 (Catmaz R1 4+ 2Ca1 Ca2 Ry + w* Ca1 Q2 R2 (R1 + R2))))

Ry (14 (iw)* )
I+ (iw)al 1+ (1 + Rl/RQ) (iw)aZ To + (iu})al+a2 T1 T2
=@ R, 2=0Q2R,

Z(w) =
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Appendix A

Symbols for CPE

A\ s\ c
II /l CPE

? e/ B
2 // b
(
\

") Y
\_/ N

J I/ -l
], D: [3], E: |

Figure A.1: Some CPE symbols, taken from A: [9], B: [13], C: [17],
F: [11], G: [12], H: [15], I: [8], J: [10], K: [14], L: [2, 6].

7]7
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