11
Coupled Lines

11.1 Coupled Transmission Lines

Coupling between two transmission lines is introduced by their proximity to each other.
Coupling effects may be undesirable, such as crosstalk in printed circuits, or they may
be desirable, as in directional couplers where the objective is to transfer power from one
line to the other.

In Sections 11.1-11.3, we discuss the equations, and their solutions, describing cou-
pled lines and crosstalk [880-897]. In Sec. 11.4, we discuss directional couplers, as well
as fiber Bragg gratings, based on coupled-mode theory [898-919]. Fig. 11.1.1 shows an
example of two coupled microstrip lines over a common ground plane, and also shows
a generic circuit model for coupled lines.
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Fig. 11.1.1 Coupled Transmission Lines.

For simplicity, we assume that the lines are lossless. Let L;,C;, i = 1,2 be the
distributed inductances and capacitances per unit length when the lines are isolated from
each other. The corresponding propagation velocities and characteristic impedances
are: v; = 1/+/L;iCi, Z; = /Lij/Cj, 1 = 1,2. The coupling between the lines is modeled
by introducing a mutual inductance and capacitance per unit length, L,,, C,,. Then, the
coupled versions of telegrapher’s equations (10.15.1) become:’

TCy is related to the capacitance to ground Cy4 via C1 = C14 + Cpy, so that the total charge per unit
length on line-1is Q1 = C1Vy = C,V2 = C14(V1 = Vg) +Cm (V1 = V2), where V4 = 0.
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When L, = C;,, = 0, they reduce to the uncoupled equations describing the isolated
individual lines. Egs. (11.1.1) may be written in the 2X2 matrix forms:

V_ [l Lol

aZﬁ Ly L ot

a [ ¢ —Cmlov
—Cm

(11.1.2)

ot
where V, I are the column vectors:

W | I
N s

For sinusoidal time dependence e/®!, the system (11.1.2) becomes:

av . [Ll Lm}
- =-jw I

0z

dz Lm LZ

(11.1.4)
a_ o ey
dz = —Cm

It proves convenient to recast these equations in terms of the forward and backward
waves that are normalized with respect to the uncoupled impedances Z;, Z>:

a 7V1+lel b 7V1—ZlIl
: ez, ! V27, a b,
> a= , b= (11.1.5)
g o Vet Zole 0 Vo - 2ol az b,
2T RZ, 0 TP 2z,

The a, b waves are similar to the power waves defined in Sec. 13.7. The total average
power on the line can be expressed conveniently in terms of these:

P= 7Re[VTI] fRe[v111]+ Re[VFI;]= Pi + P;
= (lail> = 1b11?) + (la21? = 1b21?) = (la1]? + az21?) = (Ib1|? + |bp)?)  (11.1.6)
=afa—b'b

where the dagger operator denotes the conjugate-transpose, for example, a’ = [aF,a¥].
Thus, the a-waves carry power forward, and the b-waves, backward. After some algebra,
it can be shown that Egs. (11.1.4) are equivalent to the system:

da _ _iraliich

dz d | a | F -G a
o > E[b]:ﬁ[(; 4][13] (11.1.7)
dz = —jGa+ jFb
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with the matrices F, G given by:

| B kK [0 X
e[ s ] e[ ] i

where 1, B> are the uncoupled wavenumbers ; = w/v; = w+/L;iC;, i = 1,2 and the
coupling parameters K, X are:

1 1o Lm _ Cm
K‘z‘”(m CMlZZ) zvﬁl‘”(m c1c2>

1 Lm o
x=jo( o+ @iz ) = oo (s )

A consequence of the structure of the matrices F, G is that the total power P defined
in (11.1.6) is conserved along z. This follows by writing the power in the following form,
where [ is the 2X2 identity matrix:

1 0][a
—ata _hih = [at Bt
P=a'a—-b'b [a,b][0 —I} b}

(11.1.9)

Using (11.1.7), we find:

dpP . Ft Gt 1 0 1 0 F -G a
(I | P B P | e |
the latter following from the conditions FT = F and Gt = G. Egs. (11.1.6) and (11.1.7)

form the basis of coupled-mode theory.

Next, we specialize to the case of two identical lines that have L, = L, = Ly and
C1 =Cy =Cyp,sothat f; = B2 = w+/LoCo = Band Z; = Z, = /Lg/Cy = Zy, and speed
Vo = 1/4/LoCy. Then, the a,b waves and the matrices F, G take the simpler forms:

V+ Zol V- 2ol V+ Zol V—Zol
= , b= = , b= —"% 11.1.10
270 2z, @ 2 2 ( )
B «k 0 X
F = , G= 11.1.11
[K B X 0 ( )

where, for simplicity, we removed the common scale factor /2Z, from the denominator
of a,b. The parameters k, x are obtained by setting Z; = Z, = Z in (11.1.9):

B<LLr: %;) B<Lm (é':) (11.1.12)

The matrices F,G commute with each other. In fact, they are both examples of
matrices of the form:

_| a0 ai | _ |1 0 10 1
a-[® @ carvar = [2 0] 0o [0]
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where ag, a; are real such that |ag| # |a;|. Such matrices form a commutative subgroup
of the group of nonsingular 2x2 matrices. Their eigenvalues are A+ = dp =+ a; and they
can all be diagonalized by a common unitary matrix:

1 1 1 1 1 1 1
Y I Y R T

so that we have QQt = QtQ =1 and Ae. = A.e..

The eigenvectors e are referred to as the even and odd modes. To simplify sub-
sequent expressions, we will denote the eigenvalues of A by A. = dp + a; and the
diagonalized matrix by A. Thus,

_ - A 0 dop +a 0
_ t _ + _ 0 1
A=QAQ", A [ 0 A,} [ 0 aoﬂh] (11.1.15)

Such matrices, as well as any matrix-valued function thereof, may be diagonalized
simultaneously. Three examples of such functions appear in the solution of Egs. (11.1.7):

B = \[(F+G)(F-G) = Q\(F +G) (F-6)Qt

Z=Zp(F+G)(F-G)™' = ZQ\(F+G) (F- 6)Q} (11.1.16)

T'=(Z-2ZoD)(Z+ ZyI)'=Q(Z—-2ZyI)(Z+ ZoI)'QT

Using the property FG = GF, and differentiating (11.1.7) one more time, we obtain
the decoupled second-order equations, with B as defined in (11.1.16):

d%a 5 d’b )
a2 -B*a, Az - -B°b

However, it is better to work with (11.1.7) directly. This system can be decoupled by
forming the following linear combinations of the a, b waves:

A=a-TIb _
N [A] =[ ! F] [a] 11.1.17)
B=b-Ta B - Ij[b

The A, B can be written in terms of V, I and the impedance matrix Z as follows:

A= (2D) Y (V+ZI) V=D(A+ B) Z+ 2701
D=="—"—="-

(11.1.18)

B= (2D)"Y(v-2ZID ZI=D(A-B) 2Z

Using (11.1.17), we find that A, B satisfy the decoupled first-order system:

d|A I3 o A dA . dB
E[B}Z_J[o —B][B] = E__JBA' E—JBB (11.1.19)

with solutions expressed in terms of the matrix exponentials e=/5%:

A(z)=e7%2A(0), B(z)= e/®B(0) (11.1.20)
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Using (11.1.18), we obtain the solutions for V, I:

V(z) = D[e7B2A(0) +e/2B(0) ]
. ) (11.1.21)
ZI(z) = D[e732A(0) —e/5%B(0) ]

To complete the solution, we assume that both lines are terminated at common
generator and load impedances, that is, Zg1 = Zg» = Zg and Z; = Z1» = Z;. The
generator voltages V1, V2 are assumed to be different. We define the generator voltage
vector and source and load matrix reflection coefficients:

- _ -1
The terminal conditions for the line are at z =0 and z = [:
Ve = V(0)+ZcI(0), V()= Z I() (11.1.23)
They may be re-expressed in terms of A, B with the help of (11.1.18):
A(0)-T¢B(0)=D'Z(Z+ Zg)'Vg, B(l)=TLA(]) (11.1.24)

But from (11.1.19), we have:*
e/P1B(0)= B(l)=T1A(l)=T1e7?!'A(0) = B(0)=Tre ¥®A(0) (11.1.25)
Inserting this into (11.1.24), we may solve for A(0) in terms of the generator voltage:
A0)=D I -T¢le 87 ' 2(Z + Ze) Vg (11.1.26)

Using (11.1.26) into (11.1.21), we finally obtain the voltage and current at an arbitrary
position z along the lines:

V(z) = [e /3% + T e 2Ble/B2| [ — T¢TLe 287 ' 2(Z + ZgI) "' Vg
_ o _ (11.1.27)
I(z) = [e 3% — e 2BleBz| [ - [cIre 2B (Z + Z6I) "' Vg

These are the coupled-line generalizations of Egs. (10.9.7). Resolving V; and V(z)
into their even and odd modes, that is, expressing them as linear combinations of the
eigenvectors e., we have:

Ve =Vgier +Vig_e_, where Vg, = %
Vi(2)£Va (2) (11.1.28)
VD)=V, (z)e. +V_(2)e., V.(2)= %

In this basis, the matrices in (11.1.27) are diagonal resulting in the equivalent solution:

e Bz L Iy e 2iB+loiBiz 7,
1-TgiIpre 2B+l 7, + 75

e JB-z L 1 _e 2iB-lpiB-z  7_
1-Tg_TI_e2B-1 Z_+Zg

V(z)=V.(2)e, +V_(2)e_ =

Vgiey
(11.1.29)

TThe matrices D, Z,I'¢, 'z, T, B all commute with each other.
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where B. are the eigenvalues of B, Z. the eigenvalues of Z, and I'.,I'[ . are:

Z(; - Zi ZL - Zt
Ige =7, It = 77—~ 11.1.30
et T Zovz. YTz 4 z. ( )
The voltages V1 (z),V2(z) are obtained by extracting the top and bottom compo-
nents of (11.1.29), that is, V1 2(2) = [V, (2) 2V_(2)]//2:

e’J‘.BJrl + I"L_*_efzjlhlejﬁ)rl e*J-BfZ + FL_e*ZJBfleJ-BfZ

\% = - - _
1(2) 1—Tg e 2Bl * 1-Tg_TIp_e2B-1
) ) ) ) ) ) (11.1.31)
v e—JB+Z + FL+e—2JB+IeJB+Z e—JISfZ + FL,Q_ZJB*IQJB*Z
zZ) = P — - _
2(2) 1 —Tgi I e 2B+l + 1-Tg_I'p_e2B-1
where we defined:
Z+ VG+ 1
V+:<7_) = =—(1-TIgs) (Van =V 11.1.32
+ 7.+ 20) 2 4( 6+) (Ve1 £ Vi) ( )

The parameters ., Z. are obtained using the rules of Eq. (11.1.15). From Eq. (11.1.12),
we find the eigenvalues of the matrices F = G:

(F+G)i=Bi(K+x)=B(1iLL—’(:‘> =wZL0(Loth)

<F—G>i=5r<x—x>=ﬁ(1:%) = 0Zo(Co % Cr)

Then, it follows that:

B =(F+G)(F~G)s=wy(Lo+Lm) (Co—Cp)

(11.1.33)
B- =/ (F+G)_(F~G)- = w\(Lo— L) (Co + Cm)
_ (F+G)+ _ |Lo+Lm
L =% (F—G)f\/co—cm
(11.1.34)
_ (F+G)- _ |Lo—Lm
Z-=2 (Ff(;),_\/cﬁcm

Thus, the coupled system acts as two uncoupled lines with wavenumbers and char-
acteristic impedances B+, Z., propagation speeds v+ = 1/y/(Lo = L) (Co ¥ Cpy), and
propagation delays T~ = [/v.. The even mode is energized when Vg, = Vg, or,
Vi, #0,Vg- =0, and the odd mode, when Vs, = =V, or, Vi = 0,Vi- # 0.

When the coupled lines are immersed in a homogeneous medium, such as two parallel
wires in air over a ground plane, then the propagation speeds must be equal to the speed
of light within this medium [890], thatis, v, = v_ = 1/,/u€. This requires:

L= ueCo

(Lo + Lm) (Co — Ciy) = pe 0= CO C2
= (11.1.35)

(Lo = L) (Co + Cm) = ke Ly = HECm

c-c3,

Therefore, L,,/Ly = Cm/Cy, or, equivalently, Kk = 0. On the other hand, in an
inhomogeneous medium, such as for the case of the microstrip lines shown in Fig. 11.1.1,
the propagation speeds may be different, v, # v_, and hence T, # T_.

11.2. Crosstalk Between Lines 459

11.2 Crosstalk Between Lines

When only line-1 is energized, that is, Vg1 # 0, Vg2 = 0, the coupling between the lines
induces a propagating wave in line-2, referred to as crosstalk, which also has some minor
influence back on line-1. The near-end and far-end crosstalk are the values of V;,(z) at
z =0 and z = I, respectively. Setting Vs, = 0 in (11.1.32), we have from (11.1.31):

1(1 Ig) (1 +T1:C5%) 1(-Tg)(+I-¢7h)

V5 (0) = - - \%
2(0) = 1-Teil2C3° 2 1-TIg I1-CT2
(11.2.1)
1C+1(1 I'i)(1+T1y) 18211 -Te-)(1+T71-)
Vall) = - V-3 =
1*FG+FL+C+ 2 1*FG—FL—C—

where we defined V = V1/2 and introduced the z-transform delay variables C. =
e/wTs — oiB:l  Agsuming purely resistive termination impedances Z¢, Z;, we may use
Eg. (10.15.15) to obtain the corresponding time-domain responses:

V2(0,1)

S rcn{wm (1450 ) 3 ermvie- 2mT+>}
m=1

G+

- %(1 —FG){V(m (1 + —) Z (Tg-T1-) V(t—ZmT)}
(11.2.2)
Valt) = S =Te) (L T1) 3 (TT1)™ V(e —2mT, T,
m=0

(1-Tg)(A+T12) > Tg-I-)™V(t-2mT- -T-)

m=0

N | =

where V (t) = Vg1 (t) /2.7 Because Z. # Z,, there will be multiple reflections even when
the lines are matched to Z, at both ends. Setting Z; = Z; = Z, gives for the reflection

coefficients (11.1.30):
Zy—Z-
[oo =17, =222 — T, 11.2.3
Cx T T 7 7, * ( )

In this case, we find for the crosstalk signals:

V2(0,1) = %(1 +F+)[V(t)—(1 -r.) > 1"3”11V(t—2mT+)}

m=1

- %(1 +F)[V(t)(1 —I) > rmly( - 2mr)}

(11.2.4)
1 2 c 2m
Va(l,t) = 5 (1=T%) > r*mv(t—2mT, —T,)
m=0

-5 (=T2) X IVt —2mT - T.)

m=0

TV (t) is the signal that would exist on a matched line-1 in the absence of line-2, V = ZgVg1/(Zo + Zg) =
V1/2, provided Zg = Zo.
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Similarly, the near-end and far-end signals on the driven line are found by adding,
instead of subtracting, the even- and odd-mode terms:

Vi(0,t) = %(1 +F+)[V(t)(1 —Iy) > rmly( - 2mT+)}
m=1

+ %(1 +T-) {V(t)—(l —-T) > ™t - 2mT)}

m=1

(11.2.5)
1 00
Vit =20 -12) > r’mv(t-2mT, -T,)

m=0

1 -
+-(1-T%) > I*"V(t-2mT_-T.)
2 m=0
These expressions simplify drastically if we assume weak coupling. It is straightfor-
ward to verify that to first-order in the parameters L, /Ly, Cp/Co, or equivalently, to
first-order in k, x, we have the approximations:

bad

Br=B+AB=B=*k, Zi=ZotAZ=ZOiZOE, Vi = Vo F Vo 5

[=0+AT=+% T, =T+AT=T=T%

B B

where T = 1/vy. Because the I'.s are already first-order, the multiple reflection terms

in the above summations are a second-order effect, and only the lowest terms will con-
tribute, that is, the term m = 1 for the near-end, and m = 0 for the far end. Then,

(11.2.6)

V2(0,t) = %(Il —F_)V(t)—%[FJ,V(t —2T)-T_V(t-2T_)]

Vol t) = %[V(t CTO)-V(-T)]

Using a Taylor series expansion and (11.2.6), we have to first-order:

_av

Vit -2T )=Vt -2TFAT) =Vt -2T)F(AT)V({t-2T), V= i

Vi-T)=Vit-TFAT) =Vt -T)FAT)V(t-T)

Therefore, I'.V (t — 2T+)= I'+[V(t = 2T)F(AT)V] =~ I'.V(t — 2T), where we
ignored the second-order terms I'. (AT) V. It follows that:

V2 (0,8) = —(I's —T_)[V(©)=V(t = 2T)] = (AD) [V(t) =V (t - 2T) ]

—_ N

av-T)

Va(l) = [Vt =T)=(@T)V -Vt =T)~(AT)V] = ~(AT) =

These can be written in the commonly used form:

V2(0,t)= Kp[V () =V (t - 2T) ]
av(t—T) (near- and far-end crosstalk) (11.2.7)

Va(l,t)= Ky dt
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where K, Ky are known as the backward and forward crosstalk coefficients:

_X _Vo(Lm ) o E__M(Lﬂ
Kb—23—4(z()+cm20 , Kf= TB_ > Zo

where we may replace [ = voT. The same approximations give for line-1, V1 (0,t) = V (t)
and V1 (I,t)=V (t — T). Thus, to first-order, line-2 does not act back to disturb line-1.

—CmZO) (11.2.8)

Example 11.2.1: Fig. 11.2.1 shows the signals V; (0,t), V; (I, t), V»(0,t), V2 (l,t) for a pair of
coupled lines matched at both ends. The uncoupled line impedance was Zy, = 50 Q.

Ly/Ly=0.4, C,,/Cy=0.3 Ly /Ly=08, C,,/Cy=0.7

i — line 1 - near end ! — line 1 - near end
0.6 i == line 1 - far end 0.6 i -'= line 1 - far end
i line 2 - near end ! line 2 - near end
0.4 i - -~ line 2 - far end 0.4 K --- line 2 - far end
0.2 H 0.2 ;
i '
) SS—— L e e ] i e
E [
v v
0.2 -0.2 .
0 1 2 3 4 5 0 1 2 3 4 5
t/T t/T

Fig. 11.2.1 Near- and far-end crosstalk signals on lines 1 and 2.

For the left graph, we chose L,,/Ly = 0.4, Cy/Cp = 0.3, which results in the even and odd
mode parameters (using the exact formulas):

Z,=7071Q, Z_=3397Q, v,=1.01vy, v_=1.13v
r,=-017, r-=0.19, T,=099T, T_=0.88T, K,=0.175, Kr=0.05

The right graph corresponds to L,,/Ly = 0.8, Cp,/Co = 0.7, with parameters:

Z,=12247Q, Z_=1715Q, v.=136vy, v_=1.71v,
Iy =-042, I'_ =049, T,=0.73T, T_=058T, K,=0.375, K;=0.05

The generator input to line-1 was a rising step with rise-time t, = T/4, that is,

V()= %Vm(t)= ti[u(t)—u(t—t,)] +u(t—-ty)

The weak-coupling approximations are more closely satisfied for the left case. Egs. (11.2.7)
predict for V; (0, t) a trapezoidal pulse of duration 2T and height K}, and for V, (I, t), a
rectangular pulse of width t, and height K¢/t, = —0.2 startingat t = T:

av(t-T)
PRaSLSESS

Vo, t)=K it

= ?[H(I_T)—U(t—T—tr)]

These predictions are approximately correct as can be seen in the figure. The approxima-
tion predicts also that V; (0,t)= V (t) and V (I,t)= V (t — T), which are not quite true—
the effect of line-2 on line-1 cannot be ignored completely.
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The interaction between the two lines is seen better in the MATLAB movie xtalkmovie.m,
which plots the waves V (z,t) and V,(z,t) as they propagate to and get reflected from
their respective loads, and compares them to the uncoupled case Vo (z,t)= V(t — z/vy).
The waves V1, (z,t) are computed by the same method as for the movie pulsemovie.m
of Example 10.15.1, applied separately to the even and odd modes. m]

11.3 Weakly Coupled Lines with Arbitrary Terminations

The even-odd mode decomposition can be carried out only in the case of identical lines
both of which have the same load and generator impedances. The case of arbitrary
terminations has been solved in closed form only for homogeneous media [887,890]. It
has also been solved for arbitrary media under the weak coupling assumption [897].
Following [897], we solve the general equations (11.1.7)-(11.1.9) for weakly coupled
lines assuming arbitrary terminating impedances Z;;, Z¢;, with reflection coefficients:
Zii— Zi Zgi—Zi .
I'nij=———, Igi= i=1,2 11.3.1
M i+ 7 “T Zaiv Zi ( )
Working with the forward and backward waves, we write Eq. (11.1.7) as the 4x4
matrix equation:

a; Bl K 0 —X
dc . as K B -x 0
= = _iM = M=
dz JHEC ¢ b, |’ 0 x -B1 -«
b, X 0 -k -B

The weak coupling assumption consists of ignoring the coupling of a;, b; on as, b».
This amounts to approximating the above linear system by:

Bi 0 O 0
dc .- - | Kk B2 -X 0
— = —jMc, M = 0 0 -B 0

dz (11.3.2)
X 0 -k =B

Its solution is given by c(z) = e’JMZC(O), where the transition matrix e ™7 can be
expressed in closed form as follows:

e Bz 0 0 0 ) «

oz _ k(e Iz _ omiBez)  o-iBez ¢ (piB1Z _ p-iB2Z) 0 K= Bl B>
- 0 0 elbrz O

R (e IBrz _ piboz) 0 Z(eBiz _ piBozy  piBez B1+ B2

The transition matrix e /™! may be written in terms of the z-domain delay variables
Ci = elBil = iwTi j — 1 2 where T; are the one-way travel times along the lines, that is,

T; = 1/v;. Then, we find:

ar () ot 0 0 0 ][ ai(0)
a(l) | _ | R@T -5 G @G- 0 || a2(0) (113.3)
by (1) 0 0 G 0 b, (0) o

by (D) XC'-C) 0 RE-T) ClLb20)
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These must be appended by the appropriate terminating conditions. Assuming that
only line-1 is driven, we have:

Vi(0)+Z6111(0)= Vg1, Vi)=Zpl (D)
V2(0)+Zg212(0)=0 Vo(l)= Z1212 ()

which can be written in terms of the a,b waves:

a1(0)-I'a1b1(0)=Ur, bi(D=Tpai(D _ |2 Ve
@2(0)—Teab2(0)= 0,  bo()=Tpaar(l) * U1~y 7z, 1 - T~ (134

Egs. (11.3.3) and (11.3.4) provide a set of eight equations in eight unknowns. Once
these are solved, the near- and far-end voltages may be determined. For line-1, we find:

Vi0= /2 a1+, (0)] = gt

1-TeiliCq?

[Z1 Ci'(1+T1)
Vilh= 5 [a1(1)+b1(1)] 71 Tl \%

where V= (1-TIg1)Vg1/2=21Vg1/(Z1 + Zg1). For line-2, we have:
RC =G I + TG H+X (-G A+ Tn Tt G |
(A =TeiI'nCr?) (A - Tl 12C5%)

R(C1 Czl)(1+FL1FGZC1 §21)+X(1—C1 gzl)(FL1§1 +FGZZ;21)
(1-TeiInCi®) (1 - Tl 12C5%)

(11.3.5)

V2(0) =

Vo (D) =

(11.3.6)
where V20 = (1 Jrrcz)v = (1 +FG2)(1 *FG])Vcl/Z and Vz[ = (1 +FL2)V, and we
defined k, X by:

ZZA K w 1<Lm )
- LEm oz
Zl Zl Bi—B2 B1—-B22\Z; me

Z . |2 Lm
JZT \/;131+52 Bl+322< +CnZz)

In the case of identical lines with Z; = Z, = Zg and 1 = B> = B = w/Vvy, we must
take the limit:

(11.3.7)

—jBil —jB2l
lim JBil _ o=ib2 d e Bl = _jleiBil

BBy BrL—B2  dB
Then, we obtain:
el 1y _ipl . 1 (L _ipl
K(C," =Ty )— jwKre™ =—Jw§ == —CmZoy|)e

iz
0 (11.3.8)

where K¢, K), were defined in (11.2.8). Setting C; = {» = € = ¢/Al = ¢/°T  we obtain the
crosstalk signals:
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JOKf (T +T12) T2+ Kp (1 -T2 (1 + Tl 12C2%)
(1 -TiI'tiC2) (1 -TIgal12C72)

JWKr (1 +T1l6oC )T+ Kp(1 - C72) (I'pa + Tg2) T
(1 =T I'tiC2) (1 —Tgal12C72)

The corresponding time-domain signals will involve the double multiple reflections
arising from the denominators. However, if we assume the each line is matched in at
least one of its ends, so that I'c1I11 = I'gol1» = 0, then the denominators can be
eliminated. Replacing jw by the time-derivative d/dt and each factor ! by a delay by
T, we obtain:

V2 (0) =

20
(11.3.9)
Va(l) =

Vo

Vo(0,8)=Kp(I'ty + T'pa + Tiilg2) V(E - 2T)

+Kp(1+Tg)[V()=V(t—2T)] + KpI't1 T2 [V (t = 2T) -V (t — 4T) |
. . (11.3.10)
Vz(l,t)= Kf[(l + FLz)V(t -T) +FL1FG2V(t — 3T)]

+Kp(I'j1 + T +FL1FL2)[V(t—T)—V(t—3T)]

where V (t)= (1 —I'G1) Vi (t) /2, and we used the property I'goI'1» = 0 to simplify the
expressions. Egs. (11.3.10) reduce to (11.2.7) when the lines are matched at both ends.

11.4 Coupled-Mode Theory

In its simplest form, coupled-mode or coupled-wave theory provides a paradigm for the
interaction between two waves and the exchange of energy from one to the other as
they propagate. Reviews and earlier literature may be found in Refs. [898-919], see also
[747-766] for the relationship to fiber Bragg gratings and distributed feedback lasers.
There are several mechanical and electrical analogs of coupled-mode theory, such as
a pair of coupled pendula, or two masses at the ends of two springs with a third spring
connecting the two, or two LC circuits with a coupling capacitor between them. In these
examples, the exchange of energy is taking place over time instead of over space.
Coupled-wave theory is inherently directional. If two forward-moving waves are
strongly coupled, then their interactions with the corresponding backward waves may
be ignored. Similarly, if a forward- and a backward-moving wave are strongly coupled,
then their interactions with the corresponding oppositely moving waves may be ignored.
Fig. 11.4.1 depicts these two cases of co-directional and contra-directional coupling.

— | —

a|(0) HH al(l) al(O)—> a](l)
a2<0) —»:/:%—» az(l) bz(O) ﬂF bz(l)

co-directional contra-directional

[e—— ] ——|

Fig. 11.4.1 Directional Couplers.

Egs. (11.1.7) form the basis of coupled-mode theory. In the co-directional case, if
we assume that there are only forward waves at z = 0, that is, a(0) # 0 and b(0)= 0,
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then it may shown that the effect of the backward waves on the forward ones becomes
a second-order effect in the coupling constants, and therefore, it may be ignored. To
see this, we solve the second of Egs. (11.1.7) for b in terms of a, assuming zero initial
conditions, and substitute it in the first:

A VA
b(z)=—j JO Fz-ga(z)dz = % = —jFa+ L Ge'F 7z Ga(z') dz’

The second term is second-order in G, or in the coupling constant x. Ignoring this
term, we obtain the standard equations describing a co-directional coupler:

@__. i av | _ B« a
S L A A

For the contra-directional case, a similar argument that assumes the initial conditions
a» (0) = by (0) = 0 gives the following approximation that couples the a; and b, waves:

sl 3l e
The conserved powers are in the two cases:

P=la\l*+lazl*, P=lal* - |bs)? (11.4.3)
The solution of Eq. (11.4.1) is obtained with the help of the transition matrix e /F%:

.0 K
] | cosoz—j—sinoz —j—sinoz
o~ JFz _ iz o g (11.4.4)

fjﬁsina'z cosOozZ+j—sinoz
o o
where
B=B1;BZ, 6=B1;B2, o =82 + K2 (11.4.5)
Thus, the solution of (11.4.1) is:
a'zf'é inoz X inoz
[al(z) ] e B Yot s [al(o) ] (11.4.6)
a(2) —j g sinoz cos0z —j p singz | L2(0)

Starting with initial conditions a; (0)= 1 and a, (0) = 0, the total initial power will
be P = |a; (0)|? + |az(0) | = 1. As the waves propagate along the z-direction, power is
exchanged between lines 1 and 2 according to:

62 .
Pi(z)=lai(2)|> = cos* 0z + — sin’ 0z
, 7 (11.4.7)
P2 (2) = laz(2)|? = % sin oz =1- P (2)

Fig. 11.4.2 shows the two cases for which 6/k = 0 and 6/k = 0.5. In both cases,
maximum exchange of power occurs periodically at distances that are odd multiples of
z = 1/20. Complete power exchange occurs only in the case § = 0, or equivalently,
when B, = B». In this case, we have 0 = k and P; (z) = cos? kz, P> (z) = sin® kz.
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Co-directional coupler, §/x=0 Co-directional coupler, §/x= 0.5
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Fig. 11.4.2 Power exchange in co-directional couplers.

11.5 Fiber Bragg Gratings

As an example of contra-directional coupling, we consider the case of a fiber Bragg
grating (FBG), that is, a fiber with a segment that has a periodically varying refractive
index, as shown in Fig. 11.5.1.

a(0) - —all)
b(0) =i— - b(l)
A 0 B

—| A l=—one period
[ S A —

Fig. 11.5.1 Fiber Bragg grating.

The backward wave is generated by the reflection of a forward-moving wave incident
on the interface from the left. The grating behaves very similarly to a periodic multilayer
structure, such as a dielectric mirror at normal incidence, exhibiting high-reflectance
bands. A simple model for an FBG is as follows [747-766]:

d|a) | . B Ke—JKz a(z)
E |:b(Z) :| =-J |: _k*elKz _B b(z) (11.5.1)
where K = 271/ A is the Bloch wavenumber, A is the period, and a(z), b (z) represent the

forward and backward waves. The following transformation removes the phase factor
e JKZ from the coupling constant:

Alz) e/Kz/2 0 a(z) 02124 (7)
|:B(Z) ] - |: 0 e-iKz/2 :| [b(z) ] = |:e7jKZ/2b(Z) :| (11.5.2)

d | Az) | o k[ A
E[B(z)]=—1[_,<* _6][3(2)] (11.5.3)
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where 6 = f—K/2 isreferred to as a detuning parameter. The conserved power is given
by P(z)= |la(z)|? — |b(z)|%. The fields at z = 0 are related to those at z = [ by:

A | _ p | AD . [ 6 «
[B(O)}_ej [3(1)]’ with F—[_K* _5] (11.5.4)

The transfer matrix e/f! is given by:

.0 K
i cosal+JEsmUI Jasmol [Uun Un
e = K* =l yr U* (11.5.5)
—j—sinol cosgl — j—sinol 12 1
o o

where o = /02 — |k|2. If |8] < |k|, then o becomes imaginary. In this case, it is more
convenient to express the transfer matrix in terms of the quantity y = /|k[2 — 62:

) coshyl +j u sinh yl J K sinh yl
elfl = o Y Yoos (11.5.6)
—Jj 7 sinh yl coshyl — j } sinh yl

The transfer matrix has unit determinant, which implies that |U1]%> — |U12|? = 1.
Using this property, we may rearrange (11.5.4) into its scattering matrix form that relates
the outgoing fields to the incoming ones:

B(0) r T A(0) Uf, , Uz 1
= ’ , I's—=, I'=s-—, T=_—— 11.5.7
[A(I)] [T F][B(l)] Un Un Un ( )
where I', I"" are the reflection coefficients from the left and right, respectively, and T is
the transmission coefficient. We have explicitly,
K*
—j—sinol 1
Ir= 0—5, T = — s (11.5.8)
cosol+jgsinol cosal+j;sinal

If there is only an incident wave from the left, that is, A(0)# 0 and B (I) = 0, then
(11.5.7) implies that B(0)=T'A(0) and A(l)= TA(0).

A consequence of power conservation, |[A(0)|2 — |B(0)|2 = |[A()|2 = |IB(D|?, is
the unitarity of the scattering matrix, which implies the property |I'|? + |T|2 = 1. The
reflectance |I'|2 may be expressed in the following two forms, the first being appropriate
when |6] > |k|, and the second when |6] < |K|:

|k|2 sin? ol |k|? sinh? yl

- - = 11.5.9
02cos2 ol +62sin® ol y? cosh? yl + 62 sinh? yl ( )

IT)?=1-1T|* =

Fig. 11.5.2 shows |I'|? as a function of §. The high-reflectance band corresponds to
the range |6| < |k|. The left graph has kI = 3 and the right one kI = 6.

As Kl increases, the reflection band becomes sharper. The asymptotic width of the
band is —|k| < 6 < |k|. For any finite value of kI, the maximum reflectance achieved
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Fig. 11.5.2 Reflectance of fiber Bragg gratings.

at the center of the band, § = 0, is given by |I'|2,, = tanh? |kl|. The reflectance at the
asymptotic band edges is given by:

|Kkl|?

r?=-—"——
Il 1+ |kI2’

at 0 = =|K|

The zeros of the reflectance correspond to sinol = 0, or, ¢ = m7r/l, which gives
6 = ++/|k|? + (m7r/1)2, where m is a non-zero integer.

The Bragg wavelength Ap is the wavelength at the center of the reflecting band, that
is, corresponding to = 0, or, B = K/2,0r Ag = 211/ = 411/K = 2A.

By concatenating two identical FBGs separated by a “spacer” of length d = Ag/4 =
A/2, we obtain a quarter-wave phase-shifted FBG, which has a narrow transmission
window centered at 6 = 0. Fig. 11.5.3 depicts such a compound grating. Within the
spacer, the A, B waves propagate with wavenumber f as though they are uncoupled.

AR A |

A4
“«—— | —— > | ——»]

Fig. 11.5.3 Quarter-wave phase-shifted fiber Bragg grating.

The compound transfer matrix is obtained by multiplying the transfer matrices of
the two FBGs and the spacer: V = UgggUspacerUrgg, 0T, explicitly:

Vii. Vi | | U Ure effd 0 Un U
[VTZ Vi‘l]*[Uf‘z U{‘l][ 0 e || U U (11.5.10)

where the Uj; are given in Eq. (11.5.5). It follows that the matrix elements of V are:
Vi1 = U%lejﬁd + |U12‘2€7jﬁd, Vio=U (Uuejﬁd + Uiklefjﬁd) (11.5.11)
The reflection coefficient of the compound grating will be:

r VU (UnePd +UfePd) I (T*e/Pd + Te Jhd)
TPV U2 eiBd 1 U 2eiBd T T*eiBd + |T|2Te~ifd

(11.5.12)
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where we replaced U, = I'/ T and U;; = 1/T. Assuming a quarter-wavelength spacing

d=2Ag/4=A/2, wehave Bd = (5 +1/A)d = 5d + 11/2. Replacing e/Pd = e/od+im/2 —
je/%d we obtain:

r B F(T*ejﬁd _ Tefj(sd)

MR Txpjod — |[|2Te-Jod

(11.5.13)

At 6 = 0,we have T = T* = 1/ cosh|k|l, and therefore, I'comp = 0. Fig. 11.5.4 depicts
the reflectance, |I'comp|?, and transmittance, 1 — |I'comp|?, for the case kI = 2.

Compound Grating, kIl =2 Compound Grating, I =2
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Fig. 11.5.4 Quarter-wave phase-shifted fiber Bragg grating.

Quarter-wave phase-shifted FBGs are similar to the Fabry-Perot resonators discussed
in Sec. 6.5. Improved designs having narrow and flat transmission bands can be obtained
by cascading several quarter-wave FBGs with different lengths [747-767]. Some appli-
cations of FBGs in DWDM systems were pointed out in Sec. 6.7.

11.6 Diffuse Reflection and Transmission

Another example of contra-directional coupling is the two-flux model of Schuster and
Kubelka-Munk describing the absorption and multiple scattering of light propagating in
a turbid medium [920-936].

The model has a large number of applications, such as radiative transfer in stellar
atmospheres, reflectance spectroscopy, reflection and transmission properties of pow-
ders, papers, paints, skin tissue, dental materials, and the sea.

The model assumes a simplified parallel-plane geometry, as shown in Fig. 11.6.1.
Let I. (z) be the forward and backward radiation intensities per unit frequency interval
at location z within the material. The model is described by the two coefficients k, s
of absorption and scattering per unit length. For simplicity, we assume that k, s are
independent of z.

Within a layer dz, the forward intensity I+ will be diminished by an amount of I .k dz
due to absorption and an amount of I, s dz due to scattering, and it will be increased by
an amount of I_s dz arising from the backward-moving intensity that is getting scattered
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Fig. 11.6.1 Forward and backward intensities in stratified medium.

forward. Similarly, the backward intensity, going from z + dz to z, will be decreased by
I_(k + s) (—dz) and increased by I.s(—dz). Thus, the incremental changes are:

dl, = —(k+s)I,dz +sl_dz
—dI_

—(k+s)I-dz +sl.dz
or, written in matrix form:
d |I:(z) | k+s -—s I.(z)
E[L(z)]“[ s _k_s][uz)] (11.6.1)

This is similar in structure to Eq. (11.5.3), except the matrix coefficients are real. The
solution at distance z = I is obtained in terms of the initial values I (0) by:

L) | _ _p| 1+(0) . [k+s  -s
[1_(”}44 [1_(0)}, with F—[ . —k—s] (11.6.2)

The transfer matrix e ! is:

X . S .
. cosh BI — E sinh Bl E sinh Bl Uy Up
U=e = s o = (1 163)
——sinh I cosh Bl + — sinh BI Un Uz
B B
where & = k + s and B = Va2 — 52 = \/k(k + 2s).T The transfer matrix is unimodular,

thatis, detU = U11Upp — U12U2; = 1.

Of interest are the input reflectance (the albedo) R = I_(0)/I+(0) of the length-I
structure and its transmittance T = I, (I) /1. (0) , both expressed in terms of the output,
or background, reflectance Ry = I_(I) /1, (I). Using Eq. (11.6.2), we find:

B =Uo +UnRy B ssinh Bl + (B cosh Bl — aesinh B Ry
T Uxp-UpRy Bcosh Bl + (&« — sRy)sinh Bl

T = 1 = B
" Uy —UppRy  BcoshBl+ (o — sRy)sinh Bl

(11.6.4)

TThese are related to the normalized Kubelka [926] variables a = «/s, b = B/s.
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The reflectance and transmittance corresponding to a black, non-reflecting, back-
ground are obtained by setting R; = 0 in Eq. (11.6.4):

Ro = -Uz ssinh Bl
7 U, ~ BcoshpBl+ «sinh Bl
(11.6.5)
_ L B
" U, Bcoshfl + «sinh Bl
The reflectance of an infinitely-thick medium is obtained in the limit [ — oo:
s s k  (Rew—1)2

o = = === 11.6.6
x+pB  k+s+k(k+2s) 7 2R ( )

For the special case of an absorbing but non-scattering medium (k # 0,s = 0), we
have & = B = k and the transfer matrix (11.6.3) and Eq. (11.6.4) simplify into:

ekl 0
U=e M= [0 okl } , R=e?XNR,, T=eHX (11.6.7)

These are in accordance with our expectations for exponential attenuation with dis-
tance. The intensities are related by I, (I)= e ¥, (0) and I_ (I) = eX'I_(0). Thus, the
reflectance corresponds to traversing a forward and a reverse path of length I, and the
transmittance only a forward path.

Perhaps, the most surprising prediction of this model (first pointed out by Schuster)
is that, in the case of a non-absorbing but scattering medium (k = 0,s # 0), the trans-
mittance is not attenuating exponentially, but rather, inversely with distance. Indeed,
setting & = s and taking the limit ! sinh Bl — [ as B — 0, we find:

_ 1-sl sl sl+ (1 —-sR
U=e = , = "9 =——— (11.6.8
¢ [ —sl 1+Sl] 1+sl-sIR, 1+sl—sIRy ( )
In particular, for the case of a non-reflecting background, we have:
sl 1
Ry = il Ty = To sl (11.6.9)

11.7 Problems

11.1 Show that the coupled telegrapher’s equations (11.1.4) can be written in the form (11.1.7).

11.2 Consider the practical case in which two lines are coupled only over a middle portion of
length I, with their beginning and ending segments being uncoupled, as shown below:

VG] ZGI ZL]
3 4 Z B : 1
1 1
d l;
Zcy > Z 2 Zpp
I : I |

Assuming weakly coupled lines, how should Egs. (11.3.6) and (11.3.9) be modified in this
case? [Hint: Replace the segments to the left of the reference plane A and to the right of
plane B by their Thévenin equivalents.]
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11.3 Derive the transition matrix e /M7 of weakly coupled lines described by Eq. (11.3.2).
11.4 Verify explicitly that Eq. (11.4.6) is the solution of the coupled-mode equations (11.4.1).

11.5 Computer Experiment—Fiber Bragg Gratings. Reproduce the results and graphs of Figures
11.5.2 and 11.5.3.



