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Hyperbolic Geometry, Nehari’s Theorem,
Electric Circuits, and Analog Signal Processing

JEFFERY C. ALLEN AND DENNIS M. HEALY, JR.

ABSTRACT. Underlying many of the current mathematical opportunities in
digital signal processing are unsolved analog signal processing problems.
For instance, digital signals for communication or sensing must map into
an analog format for transmission through a physical layer. In this layer
we meet a canonical example of analog signal processing: the electrical
engineer’s impedance matching problem. Impedance matching is the de-
sign of analog signal processing circuits to minimize loss and distortion as
the signal moves from its source into the propagation medium. This pa-
per works the matching problem from theory to sampled data, exploiting
links between H°° theory, hyperbolic geometry, and matching circuits. We
apply J. W. Helton’s significant extensions of operator theory, convex anal-
ysis, and optimization theory to demonstrate new approaches and research
opportunities in this fundamental problem.
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1. The Impedance Matching Problem

Figure 1 shows a twin-whip HF (high-frequency) antenna mounted on a su-
perstructure representative of a shipboard environment. If a signal generator is
connected directly to this antenna, not all the power delivered to the antenna can
be radiated by the antenna. If an impedance mismatch exists between the signal
generator and the antenna, some of the signal power is reflected from the antenna
back to the generator. To effectively use this antenna,
a matching circuit must be inserted between the signal
generator and antenna to minimize this wasted power.

Figure 2 shows the matching circuit connecting the
generator to the antenna. Port 1 is the input from the
generator. Port 2 is the output that feeds the antenna.

The matching circuit is called a 2-port. Because the
2-port must not waste power, the circuit designer only
considers lossless 2-ports. The mathematician knows
the lossless 2-ports as the 2 x 2 inner functions. The
matching problem is to find a lossless 2-port that trans-
fers as much power as possible from the generator to
the antenna.

The mathematical reader can see antennas every-
where: on cars, on rooftops, sticking out of cell phones.
A realistic model of an antenna is extremely complex
because the antenna is embedded in its environment.
Fortunately, we only need to know how the antenna be-
haves as a 1-port device. As indicated in Figure 2, the
antenna’s scattering function or reflectance sy, characterizes its 1-port behavior.
The mathematician knows sy, as an element in the unit ball of H°.

Figure 3 displays sy, : jR — C of an HF antenna measured over the frequency
range of 9 to 30 MHz. (Here j = ++/—1 because i is used for current.) At
each radian frequency w = 2x f, where f is the frequency in Hertz, sy (jw) is a

Courtesy of Antenna Products

Figure 1

Antenna <7
% 0.
Signdl Port 1 Losdess | Port2
Generator 2-Port
Matching 3
Circuit

S

Figure 2. An antenna connected to a lossless matching 2-port.
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complex number in the unit disk that specifies the relative strength and phase
of the reflection from the antenna when it is driven by a pure tone of frequency
w. s1,(jw) measures how efficiently we could broadcast a pure sinusoid of fre-
quency w by directly connecting the sinusoidal signal generator to the antenna.
If |sp(jw)| is near 0, almost no signal is reflected back by the antenna towards

sL=|pd17fwd4_2
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Figure 3. The reflectance si(jw) of an HF antenna.

the generator or, equivalently, almost all of the signal power passes through the
antenna to be radiated into space. If |sp(jw)| is near 1, most of this signal is
reflected back from the antenna and so very little signal power is radiated.
Most signals are not pure tones, but may be represented in the usual way
as a Fourier superposition of pure tones taken over a band of frequencies. In
this case, the reflectance function evaluated at each frequency in the band mul-
tiplies the corresponding frequency component of the incident signal. The net
reflection is the superposition of the resulting component reflections. To ensure
that an undistorted version of the generated signal is radiated from the antenna,
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the circuit designer looks for a lossless 2-port that “pulls sy, (jw) to 0 over all
frequencies in the band.” As a general rule, the circuit designer must pull s,
inside the disk of radius 0.6 at the very least.

To take a concrete example, the circuit designer may match the HF antenna
using a transformer as shown in Figure 4. If we put a signal into in Port 1

S —o—
E

o— o A

. s -

Figure 4. An antenna connected to a matching transformer.

of the transformer and measure the reflected signal, their ratio is the scattering
function s;. That is, s; is how the antenna looks when viewed through the trans-
former. The circuit designer attempts to find a transformer so that the “matched
antenna” has a small reflectance. Figure 5 shows the optimal transformer does
provide a minimally acceptable match for the HF antenna. The grey disk shows
all reflectances |s| < 0.6 and contains s;(jw) over the frequency band.

However, this example raises the following question: Could we do better with a
different matching circuit? Typically, a circuit designer selects a circuit topology,
selects the reactive elements (inductors and capacitors), and then undertakes a
constrained optimization over the acceptable element values. The difficulty of
this approach lies in the fact that there are many circuit topologies and each
presents a highly nonlinear optimization problem. This forces the circuit designer
to undertake a massive search to determine an optimal network topology with
no stopping criteria. In practice, often the circuit designer throws circuit after
circuit at the problem and hopes for a lucky hit. And there is always the nagging
question: What is the best matching possible? Remarkably, “pure” mathematics
has much to say about this analog signal processing problem.

2. A Synopsis of the H>* Solution

Our presentation of the impedance matching problem weaves together many
diverse mathematical and technological threads. This motivates beginning with
the big picture of the story, leaving the details of the structure to the subse-
quent sections. In this spirit, the reader is asked to accept for now that to
every N-port (generalizing the 1- and 2-ports we have just encountered), there
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sL=Ipd17fwd4_2: matched by ():transfomer
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Figure 5. The reflectance s;, (solid line) of an HF antenna and the reflectance
s1 (dotted line) obtained by a matching transformer.

corresponds an N x N scattering matriz S € H®(C,,CN*N) whose entries
are analytic functions of frequency generalizing the reflectances of the previous
section. Mathematically, S : C; — CYN*N is a mapping from open right half
plane C (parameterizing complex frequency) to the space of complex N x N
matrices that is analytic and bounded with sup-norm

[IS]loo := ess.sup{||S(jw)| : w € R} < 0.

For a 1-port, S is scalar-valued and, as we saw previously, is called a scattering
function or reflectance. Scattering matrix entries for physical circuits are not
arbitrary functions of frequency. The circuits in this paper are linear, causal,
time-invariant, and solvable. These constraints force their scattering matrices
into H*; see [3; 4; 31].
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Figure 6 presents the schematic of the matching 2-port. The matching 2-port
is characterized by its 2 x 2 scattering matrix

] S1(w)  Sia(jw)
Sliw) = [ So1(jw)  Saa(jw) ] -

The matrix entries measure the output response of the 2-port. For example, soo

hS +: 3 1 Lossless 2-port
Vo —> Vv s S11 S12
) $1 52
—<—
S )

Figure 6. Matching circuit and reflectances.

measures the response reflected from Port 2 when a unit signal is driving Port 2;
s12 is the signal from Port 1 in response to a unit signal input to Port 2. If the
2-port is consumes power, it is called passive and its corresponding scattering
matrix is a contraction on jR:

ste) st < | o |

almost everywhere in frequency (a.e. in w), or equivalently that S belongs to the
closed unit ball: S € BH>®(C,,C**?). The reflectances of the generator and
load are assumed to be passive also: sg, s € BH*(C,). Because the goal is
to avoid wasting power, the circuit designer matches the generator to the load
using a lossless 2-port:

st)st) = | o § | e

Scattering matrices satisfying this constraint provide the most general model for
lossless 2-ports. These are the 2 x 2 real inner functions, denoted by UT(2) C
H °°((C+,(C2X2). The circuit designer does not actually have access to all of
U™ (2) through practical electrical networks. Instead, the circuit designer op-
timizes over a practical subclass W C U™ (2). For example, some antenna ap-
plications restrict the total number d of inductors and capacitors. In this case,
U = U™ (2,d) consists of the real, rational, inner functions of Smith-McMillan
degree not exceeding degree d (d defined in Theorem 6.2).

The figure-of-merit for the matching problem of Figure 6 is the transducer
power gain G defined as the ratio of the power delivered to the load to the
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maximum power available from the generator [44, pages 606-608]:

1—|sql* 1—|sg]?

|]. — 818@|2 ‘1 — 8228L|2’

Gr(sa,S,s1) = |sn|? (2-1)

where s; is the reflectance seen looking into Port 1 of the matching circuit at
the load sy, terminating Port 2. This is computed by acting on s;, by a linear-
fractional transform parameterized by the matrix S:

S1 :§1(578L) = 811 +8128L(].—8228L)_1821. (2*2)
Likewise, looking into Port 2 with Port 1 terminated in sg gives the reflectance
Sg = 3:2(5, SG) 1= S92 + 8218(;(1 — 8118@)_1812. (273)

The worst case performance of the matching circuit S is represented by the
minimum of the gain over frequency:

IGr(sG, S, sL)|| 0o := ess.inf{|Gr(sq, S, sr; jw)| : w € R}.
In terms of this gain we can formulate the Matching Problem:

MATCHING PROBLEM. Maximize the worst case of the transducer power gain
Gt over a collection W C UT(2) of matching 2-ports:

Sup{HGT(SGaS, SL)Hfoo ;S € U}

The current approach is to convert the 2-port matching problem to an equivalent
1-port problem and optimize over an orbit in the hyperbolic disk. Specifically,
the transducer power gain can be written

GT(Sg, S, SL) =1- AP(?Q(S, Sg), SL)2 =1- AP(Sg, 3‘“1(5, SL))Z,
where the power mismatch

AP(s1,55) i= S1 7852

1-— 5152

is the pseudohyperbolic distance between 51 and sy. The orbit of the generator’s
reflectance s under the action of U is the set of reflectances

Fo(U, s6) == {F2(S,s¢) : S € U} € BH®(C,).

Thus, the matching problem is equivalent to mazximizing the transducer power
gain over this orbit. The transducer power gain is bounded as follows:

sup{||Gr(sa, S, 51)||—0o : S € U} = 1 — inf{||AP(F2(S, 5c),s1)||% : S € U}
=1 —inf{|[AP(s2,51)||% : 52 € Fo(U, 56)}
<1 —inf{||AP(se,sL)||% : 52 € BH>®(C4)}.

Expressing matching in terms of power mismatch in this way manifests the un-
derlying hyperbolic geometry approximation problem. The reflectance of the
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generator is transformed to various new reflectances in the hyperbolic disk un-
der the action of the possible matching circuits. We look for the closest approach
of this orbit to the load s;, with respect to the (pseudo) hyperbolic metric. The
last bound is reducible to a matrix calculation by a hyperbolic version of Ne-
hari’s Theorem [42], a classic result relating analytic approximation to an oper-
ator norm calculation. The resulting Nehari bound gives the circuit designer an
upper limit on the possible performance for any class U C U™ (2) of matching
circuits. For some classes, this bound is tight, telling the circuit designer that
the benchmark is essentially obtainable with matching circuits from the specified
class. For example, when U is the class of all lumped lossless 2-ports (networks
of discrete inductors and capacitors)

Ut(2,00) := | JUT(2,d)

d>0

and sg = 0, Darlington’s Theorem establishes that

sup{||Gr(sg =0,8,50)|| —o0 : S € UT(2,00)}
=1 —inf{||AP(s2,s1)||% : so € BH>(C,),

provided sy, is sufficiently smooth. In this case, the circuit designer knows that
there are lumped, lossless 2-ports that get arbitrarily close to the Nehari bound.
The limitation of this approach is the requirement that the generator reflectance
sg = 0, which is not always true. Thus, a good research topic is to relax this
constraint, or to generalize Darlington’s Theorem. Another limitation of the
techniques described in this paper is that the Nehari methods produce only a
bound — they do not supply the matching circuit. However, the techniques do
compute the optimal ss, leading to another excellent research topic —the “uni-
tary dilation” of s to a scattering matrix with s; = s95. That such substantial
research topics naturally arise shows how an applied problem brings depth to
mathematical investigations.

3. Technical Preliminaries

The real numbers are denoted by R. The complex numbers are denoted by
C. The set of complex M x N matrices is denoted by CMXN 1 ~ and O denote
the N x N identity and zero matrices. Complex frequency is written p = o+ jw.
The open right-half plane is denoted by C4 := {p € C : Re[p] > 0}. The open
unit disk is denoted by D and the unit circle by T.

3.1. Function spaces.

o L(jR) denotes the class of Lebesgue-measurable functions defined on jR
with norm ||¢|| := ess.sup{|¢(jw)| : w € R}.

e Cy(jR) denotes the subspace of those continuous functions on jR that vanish
at +oo with sup norm.
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e H*°(C.) denotes the Hardy space of functions bounded and analytic on C
with norm ||h]|s := sup{|h(p)| : p € C,}.

H>(C,) is identified with a subspace of L*°(jR) whose elements are obtained by
the pointwise limit A(jw) = lim,_,¢ h(o + jw) that converges almost everywhere
[39, page 153]. Convergence in norm occurs if and only if the H* function has
continuous boundary values. Those H functions with continuous boundary
values constitute the disk algebra:

o A1(Cy) :=1+H>®(C4+)NCy(jR) denotes those continuous H>(C ) functions
that are constant at infinity.

These spaces nest as
A1(Cy) € H*®(Cy) € L*=(JR).

(CMXN

Tensoring with gives the corresponding matrix-valued functions:

LOO(jR7(CMXN) = Loo(jR) ® (CMXN
with norm ||¢||ec := ess.sup{||¢(jw)|| : w € R} induced by the matrix norm.

3.2. The unit balls. The open unit ball of L= (5R,CM*N) is denoted as
BL® (R, C*N) = {6 € LR, €M) ¢ ¢l < 1}
The closed unit ball of L= (jR,CM*N) is denoted as
BL*(jR,C*"N) = {p € LR, C"M) : 9] <1}
Likewise, the open unit ball of H>(C,,CM*") is

BH™(C,CM*N) .= BL®(jR,CM*N)n H®(C,,CM*N),

3.3. The real inner functions. The class of real H>*(C,C**") functions

is denoted
Re H®(C,C*""*N) = {§ € H*(C4,C*""*N): S(p) = S(p)}-
A function § € H®(C,,CM*") is called inner provided
S(jw)S(jw) = In a.e.
The class of real inner functions is denoted
U (N):={S € ReBH®(C,,CV*N): S(ju)S(jw) = Iy a.c.}.

LEMMA 3.1. Ut(N) is closed subset of the boundary of Re BH>®(C,,CN*M),



10 JEFFERY C. ALLEN AND DENNIS M. HEALY, JR.

Proor. It suffices to show closure. If {S,,} C UT(N) converges to S €
H>®(C,,CV*N) then S,,(jw) — S(jw) almost everywhere so that

Iy = lim S,,(jw)? S, (jw) = S(jw)?S(jw) ae.

That is, S(jw) is unitary almost everywhere or S € UT(N). O

3.4. The weak-+ topology. We use the weak-x topology on L*®(jR) =
L'(jR)*. A weak- subbasis at 0 € L>(jR) is the collection of weak-* open sets

Olw,e] :={¢ € L*(jR) : [(w, 9)| < e},

where € > 0, w € L'(jR), and

wd)i= [ wlwoe)de.
Every weak-x open set that contains 0 € L (jR) is a union of finite intersections
of these subbasic sets. The Banach—Alaoglu Theorem [47, Theorem 3.15] gives
that the unit ball BL*°(jR) is weak-* compact. The next lemma shows that the
same holds for a distorted version of the unit ball, a fact that will have significant
import for the optimization problems we consider later.

LEMMA 3.2. Let ¢, v € L®(jR) with r > 0 define the disk
D(c,r) ={dp € L(YR) : |p —c| <r ae.}.
Then D(c,r) a closed, convex subset of L (jR) that is also weak-+ compact.

PrOOF. Closure and convexity follow from pointwise closure and convexity.
To prove weak-+ compactness, let M, : L*°(jR) — L*°(jR) be multiplication:
M, :=r¢. Observe D(k,r) = k + M,BL*(jR). Assume for now that M, is
weak-+ continuous. Then M, BL*>(jR) is weak-* compact, because BL>(jR)
is weak-* compact, and the image of a compact set under a continuous function
is compact. This forces D(k,7) to be weak-* compact, provided M, is weak-*
continuous. To see that M, is weak-* continuous, it suffices to shows that M,
pulls subbasic sets back to subbasic sets. Let ¢ > 0, w € L'(§R). Then

Y € M (Ofw,e])M,1p € Olw,e] <= |{w, )| < e
= |(rw, )| <e <= ¢ € Ofrw,¢],

noting that rw € L' (jR). O

If K is a convex subset L (jR), then K is closed <= K is weak-* closed [17,
page 422]. Because H*(C,) is a closed subspace of L>°(C,), is it also weak-x
closed. Intersecting weak-* closed H>°(C,.) with the weak-* compact unit ball
of L>®(jR) forces BH>®(C) to be weak-* compact.
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3.5. The Cayley transform. Many computations are more conveniently
placed in function spaces defined on the open unit disk D rather than on the
open right half-plane C,. The notation for the spaces on the disk follows the
preceeding nomenclature with the unit disk D replacing C, and the unit circle
T replacing jR. H*(D) denotes the collection of analytic functions on the
open unit disk with essentially bounded boundary values. C(T) denotes the
continuous functions on the unit circle, A(D) := H*(D)NC(T) denotes the disk
algebra, and L°°(T) denotes the Lebesgue-measurable functions on the unit circle
T with norm determined by the essential bound. A Cayley transform connects
the function spaces on the right half plane to their counterparts on the disk.

LEMMA 3.3 ([27, page 99]). Let the Cayley transform c: C. — D
p—1

Tl

extend to the composition operator ¢ : L (T) — L>®(jR) as

h(p) ;== Hoc(p) (p=jw).

c(p) :

A(D) Ai(Cy)
Then c is an isometry mapping HC ('(I‘?) onto 11:’{ C(%ﬁg)
0
L>(T) L*(jR)

3.6. Factoring H*° functions. The boundary values and inner-outer factor-
ization of H°° functions are notions most conveniently developed on the unit
disk and then transplanted to the right half-plane by the Cayley transform [35].
Let ¢ € L'(T) have the Fourier expansion in z = exp(jf)

o= Y B By = [ e

For 1 < p < oo, define H?(D) as the subspace of LP(T) with vanishing negative
Fourier coefficients [27, page 77]:
H?(D):={h € L’(T) : h(n) =0 forn = —1,-2,...}.
Then H?(D) is a closed subspace of LP(T) and as [27, page 3]:
H(T) € H(T)  HP (T) € H'(T) (1<p < pa < o0)

Each h € HP(D) admits an analytic extension on the open unit disk [27, p. 77]:
i ~ .
h(z) = Z h(n)z"  (z =rel?).
n=0
From the analytic extension, define h,.(e’%) := h(re’?) for 0 < r < 1. For r < 1,

h, is continuous and analytic. As r increases to 1, h, converges to h in the LP
norm, provided 1 < p < co. For p = oo, h,. converges to h in the weak-* topology
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(discussed on page 10). If h, does converge to h in the L® norm, convergence
is uniform and forces h € A(D). Although disk algebra A(D) is a strict subset
of H*°(D) in the norm topology, it is a weak-* dense subset.

If ¢ is a positive, measurable function with log(¢) € L!(T) then the analytic
function [48, page 370]:

e Jjt ) d
i =ew ([ S eleel5E) D),

—T

is called an outer function. The magnitude of ¢(z) matches ¢ [48, page 371]:
lim lg, (re’®)| = 6(re’") (a.c.

and leads to the equivalence: ¢ € LP(T) <= ¢ € HP?(D). We call ¢(z) a spectral
factor of ¢. Every h € H>*(D) admits an inner-outer factorization [48, pages
370-375]:

h(z) = &/™b(2)s(2)q(2),
where the outer function ¢(z) is a spectral factor of |h| and the inner function
consists of the Blaschke product [48, page 333]

o Zn— 2
bz::zknin =
(2) 1—2,2 2

n=1

zn 70,3 (1 — |z,|) < 00, and the singular inner function

@ =ew (- [ S ).

for p a finite, positive, Borel measure on T that is singular with respect to
the Lebesgue measure. In the electrical engineering setup, we will see that the
Blaschke products correspond to lumped, lossless circuits while a transmission

line corresponds to a singular inner function.

4. Electric Circuits

The impedance matching problem may be formulated as an optimization of
certain natural figures of merit over structured sets of candidate electrical match-
ing networks. We begin the formulation in this section, starting with an ex-
amination of the sorts of electrical networks available for impedance matching.
Consideration of various choices of coordinate systems parameterizing the set of
candidate matching circuits leads to the scattering formalism as the most suit-
able choice. Next we consider appropriate objective functions for measuring the
utility of a candidate impedance matching circuit. This leads to description and
characterization of power gain and mismatch functions as natural indicators of
the suitability of our circuits. With the objective function and the parameteriza-
tion of the admissible candidate set, we are in position to formulate impedance
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matching as a constrained optimization problem. We will see that hyperbolic
geometry plays a natural and enabling role in this formulation.

4.1. Basic components. Figure 7 represents an N-port—a box with IV
pairs of wire sticking out of it. The use of the word “port” means that each
pair of wires obeys a conservation of current—the current flowing into one
wire of the pair equals the current flowing out of the other wire. We can imagine

1 N

+ In(t)
W (1)

Figure 7. The N-port.

characterizing such a box by supplying current and voltage input signals of given
frequency at the various ports and observing the current and voltages induced
at the other ports. Mathematically, the N-port is defined as the collection N of
voltage v(p) and current i(p) vectors that can appear on its ports for all choices
of the frequency p = o + jw [31]:

N C L2 (jR,CN) x L2(jR,C").

If N is a linear subspace, then the N-port is called a linear N-port. Figures 8
and 9 present the fundamental linear 1-ports and 2-ports. These examples show

+ +9 +
i(p)
v(p) C
R L

Figure 8. The lumped elements: resistor v(p) = Ri(p); capacitor i(p) = pCv(p);
inductor v(p) = pLi(p).

that N can have the finer structure as the graph of a matrix-valued function: for
instance, with the inductor N is the graph of the function i(p) — pLi(p).
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11(P) 12(P) i1(p) i2(p)

—
T |—eo
+ - +
v1(p) % Vo( p) vi(p) Vo( p)

Figure 9. The transformer and gyrator.

More generally, if the voltage and current are related as v(p) = Z(p)i(p)
then Z(p) is called the impedance matriz with real and imaginary parts Z(p) =
R(p)+jX(p) called the resistance and reactance, respectively. If the voltage and
current are related as i(p) = Y (p)v(p) then Y (p) is called the admittance matriz
with real and imaginary parts Y (p) = B(p) + jG(p) called the conductance and
susceptance, respectively. The chain matriz T(p) relates 2-port voltages and

currents as
[ U1 } . [ ti1(p) ti2(p) } [ V2 ]
iv | | tai(p) taa(p) —iy |
The ideal transformer has chain matrix [3, Eq. 2.4]:

RNt I

where n is the turns ratio of the windings on the transformer. The gyrator has
chain matrix [3, Eq. 2.14]:

RN

Figure 10 shows how the 1-ports can build the series and shunt 2-ports with
chain matrices

il( p)- P p) cilw) | ia( p)o

vi(p) Va( ) ViP) | y(p) Va( p)

(e, O (e, | O

Figure 10. Series and shunt 2-ports.

Tieries(p) = { (1) Z(lp ) } Tstune (p) = [ y(lp) (1) }

using the using the impedance z(p) and admittance y(p). Connecting the series
and shunts in a “chain” produces a 2-port called a ladder. The ladder’s chain
matrix is the product of the individual chain matrices of the series and shunt 2-
ports. For example, the low-pass ladders are a classic family of lossless matching
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2-ports. Figure 11 shows a low-pass ladder with Port 2 terminated in a load zj,.
The low-pass ladder has chain matrix

i
oY) YN 2
+ Ly L, L3 +
,—> vy e ~c vy 4
1 1

Figure 11. A low-pass ladder terminated in a load.

=0 e L L VL )

The impedance looking into Port 1 is computed

v1 _ tizp +tig

= = =:G(T, z1).
11 to1zp +t22 (Toze)

zZ1 =
Thus, the chain matrices provide a natural parameterization for the orbit of the
load zy, under the action of the low-pass ladders. Section 1 showed that these
orbits are fundamental for the matching problem. Even at this elementary level,
the mathematician can raise some pretty substantial questions regarding how
these ladders sit in UT(2) or how the orbit of the load sits in the unit ball of
H>.

Unfortunately, the impedance, the admittance, and the chain formalisms do
not provide ideal representations for all circuits of interest. For example, there
are N-ports that do not have an impedance matrix (i.e., the transformer does
not have an impedance matrix). There are difficulties inherent in attempting
the matching problem in a formalism where the some of the basic objects under
discussion fail to exist.

In fact, much of the debate in electrical engineering in the 1960’s focused
on finding the right formalism that guaranteed that every N-port had a repre-
sentation as the graph of a linear operator. For example, the existence of the
impedance matrix Z(p) is equivalent to

N= {[ Zii ] :ieLz(jR,(CN)}.

but this formalism is not so useful when we need to describe circuits with trans-
formers in them. The claim is that any linear, passive, time-invariant, solvable
N-port always admits a scattering matriz S € BHOO((C+,CNXN); see [3; 4; 31].
Consequently, we work the matching problem in the scattering formalism, which
we now describe.
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4.2. The scattering matrices. Specializing to the 2-port in Figure 12, define

a14\/—>
oo+ 0 2-Port
v S11 S12
' S{sﬂ 822]
é/\/ibl

Figure 12. The 2-port scattering formalism.
the incident signal (see [3, Eq. 4.25a] and [4, page 234]):

a=3{Ry v+ Ryi) (4-2)

and the reflected signal (see [3, Eq. 4.25b] and [4, page 234]):
b= L{Ry"*v - R}/?i}, (4-3)

with respect to the normalizing! matrix

_ T1 0
RO_|:0 7’2:|.

The scattering matrix maps the incident wave to the reflected wave:

b:[b1}:[811 812][611]25&
bo S21 S22 az
The scattering description can be readily related to other representations when

the latter exist. For instance, the scattering matrix determines the impedance
matrix as

Z:=Ry?ZR;Y* =1+ S)(I-8)"..

To see this, invert Equations 4-2 and 4-3 and substitute into v = Zi. Conversely,
if the N-port admits an impedance matrix, normalize and Cayley transform to
get

S=(Z-D(Z+1)""

Usually, Ry = rol with rg = 50 ohms so the normalizing matrix disappear.
The math guys always take rg = 1. The EE’s have endless arguments about
normalizations. Unless stated otherwise, we’ll always normalize with respect to
To-

ITwo accessible books on the scattering parameters are [3] and [4]. The first of these
omits the factor % but carries this rescaling onto the power definitions. Most other books
use the power-wave normalization [16]: a = R61/2{v + Zoi}/2, where the normalizing matrix

Zo = Ro + jXo is diagonal with diagonal resistance Rg > 0 and reactance Xg.
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4.3. The chain scattering matrix. Closely related to the scattering matrix
is the chain scattering matriz © [25, page 148]:

o el -l e ]
ar ba 021 B2 ba
When multiple 2-ports are connected in a chain the chain scattering matrix of the

chain is the product of the individual chain scattering matrices. The mappings
between the scattering and chain scattering matrices are [25]:

1[—det[51 s11 12 det[@]]:s. (4-4)

_ -1
5 s —822 1 } =0 [ I =t

Although every 2-port has a scattering matrix, it admits chain scattering matrix
only if so7 is invertible.

4.4. Passive terminations. In Figure 6, Port 2 is terminated with the load
reflectance sy, so that

as = SLbQ. (4*5)

Then the reflectance looking into Port 1 is obtained by the chain-scattering

matrix:

o b Onag+010by  Ousp+ 012 61(0,51)
b a1 02102 + O22by  Oo151 +0an e

Equation 4-4 also allows us to express s; in terms of the linear-fractional form
of the scattering matrix introduced in Equation 2-2: s; = (5, s1,). Similarly,
if Port 1 of the 2-port is terminated with the load reflectance sg, then the
reflectance looking into Port 2 is

_ baasg + 02

52 = 92(9,56) := 01256 + 011

= §2(S7 5G)7

with F3(5, s¢) as introduced in Equation 2-3.

4.5. Active terminations. Equation 4-5 admits a generalization to include
the generators. Figure 13 shows the labeling convention of the scattering vari-
ables. The generalization includes the scattering of the generator in terms of the

2-Port

S11 S12
S
|:%1 S22:|

aG<—/\‘ﬁ by

Figure 13. Scattering conventions.
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voltage source [16, Eq. 3.2]:

—1/2
ba = sqgag +cqg; co = ng. (4-6)
zZg + 10

To get this result, use Equations 4-2 and 4-3 to write v; = réﬂ(al + b1) and
i = 7’0_1/2(511 — by1). Substitute this into the voltage drops vg = zgi1 + v1 of
Figure 13 to get

B 7"0_1/27)(; Zg —To

cCGg = —— = a1 — blzbgstag.
zZg + 1o z2g + 7o

We can now analyze the setup in Figure 13. Equations 4-5 and 4-6 give

a—= a1 = sa 0 bl + ca = SXb“FCX.
as 0 s ba Ccr

Substitution into b = Sa solves the 2-port scattering as
a— (12 — SXS)_ICX.
4.6. Power flows in the 2-port. With respect to an N-port, the complex
power? is [4, page 241]:
W(p) == v(p)"i(p).

Because v(p) has units volts second and i(p) has units amperes second, W(p)
units of watts/Hz?. The average power delivered to the N-port is [21, page 19]

Poyg i= 1 Re[W] = 1{a"a - b"b} = La” {1 — $7 S}a. (4-7)

We're dragging the 1/2 along so our power definitions coincide with [21]. If the
N-port consumes power (Pyg > 0) for all its voltage and current pairs, then the
N-port is said to be passive. If the N-port consumes no power (P, = 0) for all
its voltage and current pairs, then the N-port is said to be lossless. In terms of
the scattering matrices [28]:

e Passive: S (jw)S(jw) < Iy
o Lossless: S (jw)S(jw) = Iy

for all w € R. Specializing these concepts to the 2-port of Figure 14, leads to
the following power flows:

e The average power delivered to Port 1 is

_ aa]?

Py = 3(laa]* — |b1]?) 5

(1= Is1]).
e The average power delivered to Port 2 is
Py = g(|as|* — [b2]?) = —Pp.

2Baher uses [3, Eq. 2.17]: W(p) = i(p)Hv(p).
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S11 S12
S
|:321 S22:|

Figure 14. Matching circuit and reflectances.

e The average power delivered to the load is [21, Eq. 2.6.6]

|ba|?
Pr = $(|ar]® — o) = T(l — IsL]?).

e The average power delivered by the generator:
P = 5(lba|* — lac]?).

To compute Pg, observe that Figure 14 gives ag = b1 and bg = a1. Substitute
these and b; = s1a1 into Equation 4-6 to get ¢ = (1 — sg$1)ar. Then
af? Jeal 1-|sif?

Po = laaf = ) = - fsf) = St (49

LEMMA 4.1. Assume the setup of Figure 14. There always holds P, = — Py, and
Po = Py. If the 2-port is lossless, P + P, = 0.

4.7. The power gains in the 2-port. The matching network maps the
generator’s power into a form that we hope will be more useful at the load
than if the generator drove the load directly. The modification of power is
generically described as “gain.” The matching problem puts us in the business of
gain computations, and we need the maximum power and mismatch definitions.
The maximum power available from a generator is defined as the average power
delivered by the generator to a conjugately matched load. Use Equation 4-8 to
get [21, Eq. 2.6.7):

o o |CG‘2 2\—1
PG,max = PG|sl=sc 9 (1 - |3G| ) :

The source mismatch factor is [21, Eq. 2.7.17]:
Pa (1 —lscl*)(1 —s1]?)

PG,max |1*5Gsl|2
The maximum power available from the matching network is defined as the
average power delivered from the network to a conjugately matched load [21,
Eq. 2.6.19]:
_ Ibofs, =55

PL,max = PLlsLZE = f(l - |82|2)'
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Less straightforward to derive is the load mismatch factor [21, Eq. 2.7.25]:

Pr (1 —[se)(X = |s2|*)

PL,max |1 - SLSQ‘Q
These powers lead to several types of power gains [21, page 213]:

e Transducer power gain

Pr, power delivered to the load

GT = = - " .
Pg max  maximum power available from the generator

e Power gain or operating power gain

P power delivered to the load

Gp:=— = .
P P, power delivered to the network

e Available power gain

a Pr, max maximum power available from the network
A= = - ; .
Pc max  maximum power available from the generator

LEMMA 4.2. Assume the setup of Figure 14. If the 2-port is lossless,

(1—lsc|)(1 = Is1]?)
1 — sgs1)? '

Gr =

PRrROOF.

G PL Lemma 4.1 _P2 lossless Pl Lemma 4.1 PG
T = ke me

PG,max PG,max PG,max PG,max

O

What’s nice about the proof is that it makes clear that the equality holds because
the power flowing into the lossless 2-port is the power flowing out of the 2-port.

The key to analyzing the transducer power gain is the power mismatch.

4.8. Power mismatch. Previously we established that the power mismatch
is the key to the matching problem. In fact, this is a concept that brings to-
gether ideas from pure mathematics and applied electrical engineering, as seen

in the engineer’s Smith Chart —a disk-shaped analysis tool marked with coordi-

nate curves which look compellingly familiar to the mathematician. A standard

engineering reference observes the connection [51]:

The transformation through a lossless junction [2-port] ... leaves invariant
the hyperbolic distance ... The hyperbolic distance to the origin of the
[Smith] chart is the mismatch, that is, the standing-wave ratio expressed
in decibels: It may be evaluated by means of the proper graduation on
the radial arm of the Smith chart. For two arbitrary points Wy, Wy, the
hyperbolic distance between them may be interpreted as the mismatch that
results from the load W5 seen through a lossless network that matches Wy
to the input waveguide.
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Hyperbolic metrics have been under mathematical development for the last 200
years, while Phil Smith introduced his chart in the late 1930’s with a somewhat
different motivation. It is fascinating to see how hyperbolic analysis transcribes
to electrical engineering. Mathematically, we start with the pseudohyperbolic
metric® on D defined as follows (see [58, page 58]):

S1 — S2

p(s1,82) = (s1,82 € D).

1 —751s9

The Mobius group of symmetries of D consists of all maps g : D — D [20,
Theorem 1.3]:
s—a

gls) = e 1—as’
where ¢ € D and # € R. That p is invariant under the Mdbius maps g is
fundamental (see [20] and [58, page 58]):

p(g(s1),8(s2)) = p(s1,52). (4-9)
The hyperbolic metric* on D is [58, page 59]:
1 + P(Sla 82))

B(s1,52) = 3 log <1 — p(s1, 82)

Because p is Mébius-invariant, it follows that 3 is also Mobius-invariant:

B(g(s1),8(s2)) = B(s1, 52)-

One can visualize the matching problem in terms of the action of this group
of symmetries. At fixed frequency, a given load reflectance sy, corresponds to a
point in D. Attaching a matching network to the load modifies this reflectance
by applying to it the Mobius transformation associated with the chain scattering
matrix of the matching network. By varying the choice of the matching network,
we vary the Mobius map applied to s;, and sweep the modified reflectance around
the disk to a desirable position.

The series inductor of Figure 10 provides an excellent example of this action
of a circuit as Mdbius map acting on the reflectances parameterized as points
of the unit disk. The series inductor has the chain scattering matrix [25, Table
6.2]:

| 1—-1Lp/2 Lp/2
o) = —Lp/2 1+1Lp/2 |
that acts on s € D as
0115+ 612 _as-—a

5(©;s)

N ©O915 + Og9  al-—as a=(14+j2/(wL))~1 '

3Also known as the Poincaré hyperbolic distance function; see [50].

4Also known as the Bergman metric or the Poincaré metric.
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Figure 15 shows the Md&bius action of this lossless 2-port on the disk. Frequency
is fixed at p = j. The upper left panel shows the unit disk partitioned into
radial segments. Each of the other panels show the action of an inductor on
the points of this disk. Increasing the inductance warps the radial pattern to
the boundary. The radial segments are geodesics of p and 3. Because the
Mobius maps preserve both metrics, the resulting circles are also geodesics. More
generally, the geodesics of p and (3 are either the radial lines or the circles that
meet the boundary of the unit disk at right angles.

L=0

L=3
1
05 m
. J

-1
-1 -0.5

-1
-1 -0.5 0.5

[y

0
0
Figure 15. MGdbius action of the series inductor on the unit disk for increasing
inductance values (frequency fixed at p = 7).

Several electrical engineering figures of merit for the matching problem are
naturally understood in terms of the geometry of the hyperbolic disk. We are
concerned primarily with three: (1) the power mismatch, (2) the VSWR, (3) the
transducer power gain. The power mismatch between two passive reflectances
s1, s2 is [29]:

51 — S2

AP(s1,82) := = p(51, s2), (4-10)

1-— S$182



HYPERBOLIC GEOMETRY, NEHARI’'S THEOREM, ELECTRIC CIRCUITS 23

or the pseudohyperbolic distance between §; and sy measured along their geo-
desic. Thus, the geodesics of p attach a geometric meaning to the power mis-
match and illustrate the quote at the beginning of this section.

The voltage standing wave ratio (VSWR) is a sensitive measure of impedance
mismatch. Intuitively, when power is pushed into a mismatched load, part of the
power is reflected back measured by the reflectance s € D. Superposition of the
incident and reflected wave sets up a voltage standing wave pattern. The VSWR
is the ratio of the maximum to minimum voltage in this pattern: [6, Equation
3.51]:

1
VSWR(s) = 20log;, ( - i :z :) [dB].

Referring to Figure 15, the VSWR is a scaled hyperbolic distance from the origin
to s measured along its radial line. Thus, the geodesics of 3 attach a geometric
meaning to the VSWR.

The transducer power gain G links to the power mismatch AP by the clas-
sical identity of the hyperbolic metric [58, page 58]:

(1 —s1)(1 = |s2]*)

1-— p(81,82)2 = |1 —QSQP (51782 € D)7 (4711)

and Lemma 4.2 provided the matching 2-port is lossless.
LEMMA 4.3. If the 2-port is lossless in Figure 14, Gr = 1 — AP(sq, s1)%.

That is, mazimizing G is equivalent to minimizing the power mismatch. As the
next result shows, we can use either Port 1 or Port 2 (Proof in Appendix B).

LEMMA 4.4. Assume the 2-port is lossless in Figure 6: S € UT(2). Assume
sG and sp, are strictly passive: sg, s, € BH>®(C4). Then s; = F1(S,s1) and
s2 = Fo(S, s¢) (defined in Equations 2-2 and 2-3 respectively) are well-defined
and strictly passive with the LET (Linear Fractional Transform) law

AP(sg,F1(5,s1)) = AP(F2(S,56),51)
and the TPG (Transducer Power Gain) law
Gr(sq,S,s1) =1 — AP(sq,F1(S,s1))? =1 — AP(F(S, 5g),51)>
holding on jR.

The LFT law is not true if S is strictly passive. For S S < I, define the gains
at Port 1 and 2 as follows:

G1(sa,S,s1) :=1— AP(sqg, F1(S, sL))2

Ga(sg,S,s1) :=1— AP(Fa(S, SG),SL)Q.
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Lemma 4.4 gives that G = G; = G4, provided S is lossless. If S is only passive,
we can only say Gr < G1,G2. To see this, Equation 4-11 identifies G and Gs
as mismatch factors:

P,
Gl(Sg,S,SL):17AP(SG“91)2: ¢ 5
PG,max

P,
Ga(sg,S,s1) =1 — AP(sy,51)% = L
PL,max

If we believe that a passive 2-port forces the available gain G4 < 1 and power
gain Gp <1 of Section 4.7, the inequalities Gy < G1, G2 are explained as

P, Prmax FPL

GT = =
PG,max PG,max PL,max

=GaGa

Py, P, Py
Gr = = — = GpG;.
4 PG,max PG,max Pl P

4.9. Sublevel sets of the power mismatch. We have just seen that
impedance matching reduces to minimization of the power mismatch. We can
obtain some geometrical intuition for the behavior of this by examining Fig-
ure 16, which shows the isocontours of the function sy — AP(sq,sy) for a fixed
reflectance sy, in the unit disk (at a fixed frequency). The key observation is
that for each fixed frequency, the sublevel sets {sa € D : AP(s2,s1) < p} com-
prise a family of concentric disks with hyperbolic center sz. Of course, we must
actually consider power mismatch over a range of frequencies. To this end, the
next lemma characterizes the corresponding sublevel sets in L (jR).

LEMMA 4.5 (AP Disks). Let s, € BL*®(jR). Let 0 < p < 1. Define the center

function

02

k:=5p #W € BL™(jR), (4-12)
the radius function
ri=p Bl 7 € BL*™(jR) (4-13)
1= 2ls.P ’

and the disk

D(k,r) :=={¢ € L=(jR) : [¢(jw) — k(jw)| < r(jw)}.
Then,

D-1: D(k,r) is a closed, convex subset of L*°(jR).
D2 Bk, 1) = {6 € BL=(/R) s p > |AP(,51)]l
D-3: D(k,r) is a weak-x compact, convex subset of L= (jR).
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Sublevel sets af P( S, S )

Figure 16. Sublevel sets of AP(s2,sr) in the unit disk.

PrROOF. Under the assumption that ||sp|eo < 1, it is straightforward to verify
that the center and radius functions are in the open and closed unit balls of
L>(jR), respectively.

D-1: Convexity and closure follow from pointwise convexity and closure.

D-2: Basic algebra computes D(k,7) = {¢ € L¥(GR) : p > |AP(¢,5L) |00}
The “free” result is that || D(k,7)||co < 1. To see this, let s := ||s1.||oo. The norm
of any element in D(k,r) is bounded by

1—p? N 1—s?
1 — p2s? P

[klloc + lI7floc <'s =: u(s, p).

1 — p2s?
For s € [0,1) fixed, we obtain

ou 1452

o (ps+1)*



26 JEFFERY C. ALLEN AND DENNIS M. HEALY, JR.

Thus, u(s,0) attains its maximum on the boundary of [0,1]: u(s,1) = 1. Thus,
[1D(k,7)]loo < 1.
D-3: D-1 and Lemma 3.2. g

4.10. Continuity of the power mismatch. Consider the mapping Ap :
BL*(jR) — R
Ap(s2) = [|AP(s2,5L) oo

for fixed sy, € BL*®(jR). The main problem of this paper concerns the min-
imization of this functional over feasible classes (ultimately, the orbits of the
reflectance under classes of matching circuits). This problem is determined by
the structure of the sublevel sets of Ap. What we have just seen is that the
sublevel sets are disks in function space, a very nice structure indeed. As the
“level” of Ap is decreased, these sets neck down; the question of existence of a
minimizer in a feasible class comes down to the intersection of the feasible class
with these sublevel sets.

DEFINITION 4.1. [48, pages 38-39], [57, page 150] Let v be a real or extended-
real function on a topological space X.

e 7 is lower semicontinuous provided {z € X : y(z) < a} is closed for every real
a.

e ~ is lower semicompact provided {x € X : v(x) < a} is compact for every
real a.

These properties produce minimizers by the Weierstrass Theorem.

THEOREM 4.1 (WEIERSTRASS). [57, page 152] Let K be a nonempty subset of
a a topological space X. Let v be a real or extended-real function defined on K.
If either condition holds:

e v is lower semicontinuous on the compact set K, or
e 7 is lower semicompact,

then inf{y(x) : x € K} admits minimizers.

Lemma 4.5 demonstrates that Ap is both weak-* lower semicontinuous and weak-
* lower compact. The minimum of Ap in BL*(jR) is 0 = Ap(3%) that corre-
sponds to a perfect match over all frequencies. However, the matching functions
at our disposal are not arbitrary, and this trivial solution is typically not ob-
tainable with real matching circuits. The constraints on allowable matching
functions lead us to consider minimizing Ap restricted to BH>(C.), BA;(C.),
and associated orbits. Finally, straight-forward sequence arguments show that
Ap is also continuous as a function on BL*(jR) in the norm topology.

LEMMA 4.6. If s; € BL®(jR), then Ap: BL®(jR) — R is continuous.

PROOF. Define AP; : BL®(jR) — L*°(jR) as AP;(s) := (5 — sp)(1 — ssp) L.
If we show that AP; is continuous then composition with ||o ||« shows continuity
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of Ap. The first task is to show AP, is well-defined. For each s € BL>®(jR),
AP (s) is measurable and

2 2

T L=Isllscllszlloe ~ T =llszlle

S — 8y,

1— ssy,
Thus, APy (s) € L°(jR) so is well-defined. For continuity, let {s,,} C BL>(jR)
and s,, — s. Then

Sn—SL S—Sr,

APi(sn)=APi(s) = l—spsy, 1—ssp,

{Gn—sr)(1—ssp)—(5—sr)(1—snsL)}

1
(I—spsp)(1—ssL)
1
)

(=snss)(1=ss1) {Sn—S+SL(§S»,L—§S)—|—(S—S”)S%}.

In terms of the norm,

AP (sn) — AP (s)]|

< (1= lsplloe) 2 {l5n = 5lloo + lIszlloc 1550 — Faslloo + lIs — snllllszllZ}

so that the difference converges to zero. With AP, a continuous mapping, the
continuity of the norm || o ||oo : L= (jR) — R, makes the mapping Ap(s) :=
[IAP;(s)]|co also continuous. O

5. H*® Matching Techniques

Recalling the matching problem synopsis of Section 2, our goal is to maximize
the transducer power gain G over a specified class U of scattering matrices. By
Lemma 4.3, we can equivalently minimize the power mismatch:

sup{||Gr(sc, S, sL)||-00 : S € U} =1 — inf{||AP(F2(S, Sg),SL)HiO ;S el
=1- 1nf{||AP($2,5L)||go : 89 € grg(u,SG)}
<1 —inf{||AP(sy,s1)||% : 52 € BH®(C)}.

The next step in our program is to develop tools for computing the upper bound
at the end of this chain of expressions, based on what we know of sy. Ultimately,
we will try to make this a tight bound given the right properties of the admissible
matching circuits parameterized by U. The key computation is a hyperbolic
version of Nehari’s Theorem that computes the minimum power mismatch from
the Hankel matrix determined by sz..

We start towards this in Section 5.1 by reviewing the concept of Hankel op-
erators and their relation to best approximation from H as expressed by the
linear Nehari theory. Section 5.2 extends this to a nonlinear framework that in-
cludes the desired hyperbolic Nehari bound on the power mismatch as a special
case.
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Having computed a bound on our ability to match a given load, we consider
how closely one can approach this in a practical implementation with real cir-
cuits. The key matching circuits we consider in practice are the lumped, lossless
2-ports with scattering matrices in U* (2, 00). Later on, Section 7 demonstrates
that the orbit of s¢ = 0 under U™ (2,00) is dense in the real disk algebra,
Re BA;(C4) (Darlington’s Theorem), so that smallest mismatch approachable
with lumped circuits is

inf{||AP(s2,5L) |l : 52 € F2(UT(2,00),0)}
= lnf{”AP(SQ,SL)HOO 189 € ReBAl((C+)}

If we can relate the latter infimum to the minimization over the larger space
H*(C,), then minimizing the power mismatch over the lumped circuits can be
related to the computable hyperbolic Nehari bound. This seems plausible from
experience with the classical linear Nehari Theory, where ¢ real and continuous
implies that the distance from the real subset of disk algebra is the same as the
distance to H*:

6 = H?(Cy)lloc = [[¢ = Re A1 (Cy)[co-

Section 5.3 obtains similar results for the nonlinear hyperbolic Nehari bound
using metric properties of the power mismatch AP.

Thus, the results of this section will provide the desired result: the Nehari
bound for the matching problem is both computable and tight in the sense that
a sequence of lumped, lossless 2-ports can be found that approach the Nehari
bound.

5.1. Nehari’s theorem. The Toeplitz and Hankel operators are most con-
veniently defined on L?(T) using the Fourier basis. Let ¢ € L?(T) have the
Fourier expansion

o)=Y o) (z=e").

n=—oo

Let P denote the orthogonal projection of L?(T) onto H?(D):
P (2) =) (n)2".
n=0

The Toeplitz operator with symbol ¢ € L>°(T) is the mapping T, : H*(D) —
H*(D)
Ty h := P (¢h).
The Hankel operator with symbol ¢ € L>°(T) is the mapping H, : H?(D) —
H*[D)
Hyh :=U(I — P)(oh),
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where U : H?(D)+ — H?(D) is the unitary “flipping” operator:
Uh () := 2z h(z71).

These operators admit matrix representations with respect to the Fourier basis
[56, page 173]:

50)  6(1)  6(2)
g _ | 9D 60 )
o= | < ~ ~

3(=2) #(-1) (0)

and [56, page 191]

$(-1) (-2) 9(-3)
s _ | 2D =3 o0
L ¢ o

—~
-
w
=
A~
o
W
SN—
—
o
ot
=

The operator norm is
135 := sup{[|Hshlloc - h € BH*(D)}.
The essential norm is
|Hplle := inf{]|H, — K|| : K is a compact operator}.

The following version of Nehari’s Theorem emphasizes existence and uniqueness
of best approximations.

THEOREM 5.1 (NEHARI [56; 45]). If ¢ € L™(T), then ¢ admits best approxi-
mations from H*> (D) as follows:

N-1: [[¢ = H* (D)oo = [[Hs-
N-2: ¢ = {H>*(D) + C(T)}loo = [[Ho|le-
N-3: If [|Hylle < ||Holl then best approzimations are unique.

Thus, Nehari’s Theorem computes the distance from ¢ to H*(D) using the
Hankel matrix. However, solving the matching problem with lumped circuits
forces us to minimize from the disk algebra A(D). Because the disk algebra is a
proper subset of H>°(D), there always holds the inequality:

¢ = AD) oo = [l = HZ(D)[lcc = [[Ho]l-

Fortunately for our application, equality holds when ¢ is continuous.
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THEOREM 5.2 (Adapted from [39, pages 193-195], [33; 34]). If ¢ € 1+Co(jR),

I = A1(CH)lloo = ¢ = HZ(C1)lloo

and there is exactly one h € H*(C,) such that

¢ — A1(Ci)llo = [9(jw) — h(jw)| a.e.

Thus, continuity forces unicity and characterizes the minimum by the circularity
of the error ¢ — h. To get existence in the disk algebra requires more than
continuity. Let ¢ : R — C be periodic with period 2w. The modulus of continuity
of ¢ is the function [18, page 71]:

w(g;t) :=sup{|p(t1) — d(t2)| : t1,t2 € R, [t1 — t2| <t}
Let A, denote those functions that satisfy a Lipschitz condition of order a €
(0,1]:
|p(t1) — d(t2)| < Alty — to]™.

Let C™t* denote those functions with ¢ € A, [5]. Let C, denote those
functions that are Dini-continuous:

/ w(ep; )t~ dt < oo,
0

for some € > 0. A sufficient condition for a function ¢(¢) to be Dini-continuous
is that |¢'(¢)| be bounded [19, section IV.2]. Carleson & Jacobs have an amazing
paper that addresses best approximation from the disk algebra [5]:

THEOREM 5.3 (CARLESON & JAcoBs [5]). If ¢ € L™°(T), then there always
exists a best approximation h € H*(D):

[¢ = hlloc = ll¢ = H>* (D) -
If ¢ € C(T), then the best approzimation is unique. Moreover,

(A): If p € C,, then h € C,,.

(B): If o) € C,, then K™ € C,,

(©): If0<a<1and ¢ €, then h € A,.

(D): If0<a<1,n€N, and ¢ € C" then h € O™,

>

As noted by Carleson & Jacobs [5]: “the function-theoretic proofs ... are all
of a local character, and so all the results can easily be carried over to any
region which has in each case a sufficiently regular boundary.” Provided we
can guarantee smoothness across +j00, Theorem 5.3 carries over to the right
half-plane.

COROLLARY 5.1. If ¢ € 1+Cy(jR), then the best approximation

16 = hlloo = ll6 = H™(Cy)lloo
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exists and is unique. Moreover, if poc™! € C,,, then hoc™! € C,, so that

16 = hlloo = [|[¢ = HZ(Cy)lloo = [[¢ = AL(C1) |-

Thus, the smoothness of the target function ¢ is invariant under the best approz-
imation operator of H°.

5.2. Nonlinear Nehari and simple matching bounds. Helton [28; 31; 29;
32] is extending Nehari’s Theorem into a general Theory of Analytic Optimiza-
tion. Let I" : jR x C — R4 be continuous. Define v : L*(jR) — Ry U oo
by

~v(h) := ess.sup{l'(jw, h(jw)) : w € R}.

and consider the minimization of v on K C L*®(jR):

min{~y(¢) : ¢ € K}.

Helton observed that many interesting problems in electrical engineering and
control theory have the form of this minimization problem and furthermore in
many cases the objective functions have sublevel sets that are disks [32]:

[y <a]:={¢p € BL®(UR) :v(¢) < a} = D(ca,7a)-

This is certainly the case for the matching problem. For a given load s €
BL*>(jR), we want to minimize the worst case mismatch

Y(s2) = Ap(sz) = ess.sup{ AP(s2(jw), s1.(jw)) : w € R}

over all s, € BH>(C,). In this special case, Lemma 4.5 shows explicitly that
the sublevel sets of Ap are disks. These sublevel sets govern the optimization
problem. For a start, the sublevel sets determine the existence of minimizers.

LEMMA 5.1. Let v: BL®(jR) — R. Assume ~ has sublevel sets that are disks
contained in BL>(jR):

['V < a] = D(Cavra) c BLOOUR)‘
Then v has a minimizer by, € BH®(C).

PROOF. Lemma 3.2 gives that «y is lower semicontinuous in the weak-* topology.
Because BH>®(C ) is weak-* compact, the Weierstrass Theorem of Section 4.10
forces the existence of H> minimizers. O

In particular, an H° minimizer of power mismatch does exist. This is only the
beginning; we’ll see that the disk structure of the sublevel sets also couples with
Nehari’s Theorem to to characterize such minimizers using Helton’s fundamental
link between disks and operators. Ultimately, this line of inquiry permits us to
calculate the matching performance for real problems.
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THEOREM 5.4 (HELTON [29, Theorem 4.2]). Let C, P, R € L>(T,CN*M),
Assume P and R are uniformly strictly positive. Define the disk

D(C,R,P) := {® ¢ L>(T,C"*"): (& — C)P*(® — O)" < R?}
and R(jw) := R(—jw). Then
@ # D(C,R,P)NH*(D,C"") =  HcT,LHE < Tpe,

For the impedance matching problem, - is the power mismatch AP whose sub-
level sets are contained in BL>(jR):

D(cq,70) NBH™(C1) = D(ca,ra) NH®(C).

Consequently, in our problem the unit ball constraint may be ignored and we may
apply Theorem 5.4 specialized to the disk theory under this stronger assumption.

COROLLARY 5.2. Let v : BL>®(jR) — R. Assume v has sublevel sets that are
disks:

[y < a] = D(ca,r7a) € BL®(jR).
Let Cq := cq0oc™t and Ry, = 7o o ¢! where c is the Cayley transform of
Lemma 3.3. Assume R, is strictly uniformly positive with spectral factor Qo €
H>(D): Ry = |Qql|. Then the following are equivalent:

(A): D(Caa’ra) N BHOO((C_A,_) 7& %)
(B): }CCQ%E‘Q < ‘IRZ
(©): |Q3'Co — H*(D)]loo < 1.

PrROOF. By Theorem 5.4, all that is needed is to prove (a) <= (c). If (a) is
true, there exists an H € BH*(D) such that |[H — C,| < R, = |Qa| a.e.
Because R, is strictly uniformly positive on T, we may divide by |Q.| to get
Q. H—Q5'C,| < 1 a.e. Because Q,, is outer, Q' H € H>(D) so that(c) must
be true. Conversely, suppose (c) is true. Because Q,, is outer, Q,'C, € L>=(jR).
The Cayley transform of Nehari’s Theorem forces the existence of a G € H*(D)
such that |G — Q;'C4llec < 1. Because Q, is outer, H = Q,G € H*(D) and
|H — Co| < Ry ae. Then H € D(C,, R,) N H®(C). Because D(Cy, R,)
is assumed to be contained in the unit ball of L*°(T), the Cayley transform
forces(a) to hold. O

Part (b) amounts to an eigenvalue test that admits a nice graphical display of the
minimizing o Let Aing(e) denote the smallest “eigenvalue” of Tz, — He, HE, .
A plot of a versus Aipg(a) reveals that Ajus(a) is a decreasing function of o that
crosses zero at a minimum. The next result verifies this assertion regarding the
minimum.

COROLLARY 5.3. Let v : BL®(jR) — R. Assume v has sublevel sets that are
disks contained in BL>™(jR):

[y < o] = D(ea,ra) € BL*(jR).
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Then v has a minimizer by, € BH®(C,):
Vppe =min{y(h) : h € BH*(C,)}.

Let ¢min and rmin denote the L™ (jR) center and radius functions of the sublevel
disk at the minimum level: [y < Ygpeo]. Let Co:=cqoc™ and R, =rqo0c™?
where c is the Cayley transform of Lemma 3.3. Assume Ry, is strictly uniformly
positive with spectral factor Qumin. Then the following are equivalent:

MIN-1: D(Cmin, Tmin) N BH® # @

MIN-2: 0 = )\inf(’j/éHm)

MIN-3: [|Qt Crmin — H®(D) || oo = 1.

Moreover, if Q;ilnCmin € C(T) the minimizer huyin 1S unique.

PROOF. Min-1=>Min-3: If the inequality were strict, |Cinin —H| < Rmin a.e. for
some H € H®*(D). Then h = H o c belongs to H*(C,) and drops v below
its minimum: ~y(h) < @min. This contradiction forces equality at the minimum.
Min-3 = Min-1: Corollary 5.2.

Min-1=Min-2: Theorem 5.4 forces He,,, , H& < Trz  or 0 < Aint (V5700 )-

This operator inequality is equivalent to 1 > [[Hq-! ¢, [ [29, page 42]. By
Nehari’s Theorem, 1 > [[Hq-! ¢, | = Qt,Crnin — H®(D)]|oo = 1, where the
equivalence of Min-1 and Min-3 gives the last equality. Thus, the inequality must
be an equality. Min-2=Min-1: 0 = \in¢(y5ye) forces 1 = [|[Hg-1 ¢, ||. By

min

Nehari’s Theorem, 1 = ||Q..} Cinin — H*°(D)]|oo. The Cayley transform of Ne-

hari’s Theorem gives an H € H>(D) such that 1 = ||Q.{, Cinin — H |- Multiply
by the spectral factor to get Rumin = |Cinin — QminH || or that D(Cuin, Rumin) N
H>(D) # @. Use the assumption that the sublevel sets are contained in the
close unit ball to get Min-1. For unicity, Min-3 forces Hin = Amin © ¢~ to be

a minimizer of 1 = [|QL. Cmin — H®(D)|loo = [|Qmt,Cinin — Hminl|oo- Because

min

min min

Q;ilnCmin is continuous, the Cayley transform of Corollary 5.1 forces unicity. O

Lumped matching circuits have continuous scattering matrices. This requires us
to constrain our minimization of power mismatch yet further to the disk algebra.
For minimization of a general v over the disk algebra, we always have

Under smoothness and continuity conditions, equality between the disk algebra
and H* can be established.

COROLLARY 5.4. In addition to the assumptions of Corollary 5.3, assume
Qr;ilnCmin 18 Dini-continuous. Then

VB~ = Vpa, = min{y(h) : h € BA;(C4)}.
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Proor. By Corollary 5.3, there is a unique minimizer H,;, € H*(D)
1 = [|QminCumin — HX(D)loc = [|QrainComin — Hunin [l oo-

By Corollary 5.1, Dini-continuity forces Hy,in to be Dini-continuous or Ay, =
Hoc € A1(C4), Thus, the inclusion of the H> minimizer in the disk algebra

forces Vg = Vpa, - O

This is a useful general result, but for our matching problem the requirement
of Dini-continuity can in fact be relaxed. An easier approach, specialized to the
case of 7 is the power mismatch, gives equality between the minimum over the
disk algebra and that over H* using only continuity (proof in Appendix D).

THEOREM 5.5. Assume sg, € BA1(C4). Then

min{||AP(s2,57)||0c : 52 € BH™®(C,)} = inf{||AP(s2,57)||0c : 52 € BA;(C1)}.

5.3. The real constraint. Examination of the circuits in Section 4 shows the
scattering matrices are real: S(p) = S(p) In fact, the scattering matrices that
are used in the matching problem must satisfy this real constraint. Those H
functions satisfying this real constraint form a proper subset Re H*>*(C ), which
generally forces the inequality:

inf{]|¢ — Alloc : h € Re H®(C4)} > [l — H(C)[loe

However, equality is obtained provided ¢ is also real. That the best approxi-
mation operator preserves the real constraint is an excellent illustration of the
general principle: That the best approximation operator preserves symmetries.

LEMMA 5.2. Let (X,d) be a metric space. Assume A : X — X is a contractive
map: d(A(x), A(y)) < d(z,y). Let V C X be nonempty. Define dist(z,V) :=
inf{d(z,v) : v € V}. Assume

A-1: V is A-invariant: A(V) C V.
A-2: x € X is also A-invariant A(x) = .

Then equality holds: dist(z, A(V)) = dist(z, V).

PrROOF. Let {v,} be a minimizing sequence: d(x,v,) — dist(z,V). Because
x is A-invariant, d(z, A(v,)) = d(A(x), A(v,)) < d(z,v,) — dist(x,V). Thus,
dist(z, A(V)) < dist(x, V) forces equality. O

Lemma 5.2 makes explicit the structure to handle the real constraint in the
matching problem.

COROLLARY 5.5. If s € BRe L™ (jR), there holds

inf{||AP(s2,5L)||eo : 52 € BA1(Cy)} =inf{||AP(s2, L)oo : 52 € Re BA1(C1)}.
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ProoOF. Apply Lemma 5.2 identifying BL*>(jR) as the metric space, a(jw) =

¢(jw) as the contraction, Re BA;(C, ) as the ~-invariant subset, and s, as the
“-invariant target function. Recall that the power mismatch AP(sq,sy) is the
pseudohyperbolic metric p(S3,sr) (Section 4.8). Because p is a metric, it fol-
lows that ||p|leo is also metric that is ~-invariant: ||p(S2,5L)]lco = ||p(S2,$L)]|co-
The technical complication is that AP(sq,sr) is well-defined only when one
of its arguments is restricted to the open unit ball BL*®(jR). With s; €
BReL*(jR), Lemma 4.6 asserts that so +— ||AP(s2,51)|lcc i a continuous
mapping on BL>(jR). Thus, we use continuity to drop the B constraint, apply
Lemma 5.2 to the open ball with the real contraction , and apply continuity
again to close the open ball:

W

inf{||AP(s2,5L)||ec : 52 € Re BA1(C4)}
Lomma 46 30 f 0| AP(s2, 51)||s : S2 € Re BA1(C4)}
FEE inf{p(57, 51) oo ¢ 52 € Re BA1(C4)}
inf {[|p(53, 51)[|oc : 52 € BA1(C4)}
inf{||AP(s2,5L)||oo : S2 € BA1(C4)}
bemma 46 e |AP(s2, s1) |l : 52 € BA1(C4)}. O

Corollary 5.5

Eq. 4-10

Not surprisingly, Helton has also uncovered another notion of “real-invariance”
for general nonlinear minimization [32].

6. Classes of Lossless 2-Ports
The matching problems are optimization problems over classes of U™ (2):
Ut (2,d) c UT(2,00) € Ut(2) € Re BH®(C,,C?**?).

On the left, U (2,d) corresponds to the lumped, lossless 2-ports. Optimization
over this set represents an electrical engineering solution. On the right, the H>®
solution provided in the last section is computable from the measured data but
may not correspond to any lossless scattering matrix. The gap between the
H*®° solution and the various electrical engineering solutions may be closed by
continuity conditions.

The first result on gives the correspondence between the lumped N-ports and
their scattering matrices.

THE CIRCUIT-SCATTERING CORRESPONDENCE [52, Theorems 3.1, 3.2]. Any
N-port composed of a finite number of lumped elements (positive resistors, ca-
pacitors, inductors, transformers, gyrators) admits a real, rational, lossless scat-
tering matriz S € Ut (N). Conversely, to any real, rational, scattering matriz
S € UT(N) there corresponds an N-port composed of a finite number of lumped
elements
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This equivalence permits us to delineate the following class of lossless 2-ports by
their scattering matrices:

U™ (2,d) := {S € UT(2) : deggn[S(p)] < d},
where deggy\[S(p)] denotes the Smith-McMillan degree (defined in Theorem 6.2).
The second result establishes compactness (Appendix C contains the proof).

THEOREM 6.1. Let d > 0. UT(N,d) is a compact subset of A;(C,CN*™N).

It is straight-forward but tedious to demonstrate that the gain function S +—
|G (sa, S, sL)||—oo is a continuous function on UV (2,d). Thus, the matching
problem on U™ (2, d) has a solution. The third result on U™ (2, d) is the Belevitch
parameterization.

BELEVITCH’S THEOREM [53] S € U (2,d) if and only if

_ [ sul) se®) ) L[ A @)
o) = { s21(p)  s22(p) } ~ 9(p) { +f:(p)  Fhi(p)

where f.(p) := f(—p) and
B-1: f(p), g(p), and h(p) are real polynomials,
B-2: g(p) is strict Hurwitz® of degree not exceeding d,

B-3: g.(p)g(p) = f«(p)f(p) + he(p)h(p) for all p € C.

Belevitch’s Theorem lets us characterize several classes of 2-ports, such as the
low-pass and high-pass ladders. The low-pass ladders (Figure 11) admit the
scattering matrix characterization [3, page 121]:

1
g(p)’

These scattering matrices (f(p) = 1) form a closed and therefore compact subset
of UT(2,d). Consequently, the matching problem admits a solution over the class
of low-pass ladders. Figure 17 shows a high-pass ladder. A high-pass ladder

s21(p) =

admits the scattering matrix characterization [3, page 122]:

p%9

9(p)
where Jg denotes the degree of the polynomial g(p). The high-pass ladders form

821(10) =

3

o—| 1 f 0

e} O

Figure 17. A high-pass ladder.

5The zeros of g(p) lie in the open left half-plane.
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a closed and therefore compact subset of U1 (2,d). Consequently, the matching
problem admits a solution over the class of high-pass ladders.

The fourth result on U (2,d) is the state-space parameterization illustrated
in Figure 18. The N-port has a scattering matrix S € UT(N,d), where d =
deggy[S(p)] counts the number of inductors and capacitors, The figure shows
that by pulling all the d reactive elements into the augmented load Sr,(p). What’s
left is an (N + d)-port with has a constant scattering matrix S, called the
augmented scattering matrix. Then S, models the (N + d)-port as a collection
of wires, transformers, and gyrators. Consequently, S, is a real, unitary, and
constant matrix. Thus, S(p) is the image of the augmented load viewed through
the augmented scattering matrix. Theorem 6.2 gives the precise statement of
this state-space representation.

Port 1 Wires

Transformers °

s .| B8 g . s

Gyrators ~
o g - N
Port N -~ °
O— °

Figure 18. State-space representation of a lumped, lossless N-port containing
d reactive elements.

THEOREM 6.2 (STATE-SPACE [52, pages 90-93]). Every lumped, lossless, casual,
time-invariant N-port admits a scattering matriz S(p) and conversely. If S(p)
has degree d, S(p) admits the following state-space representation:

S(P) = E(Sa, SL%Z)) = Oq,11 + Sa,lQSL(p)(Id - Sa,QQSL)ilsa,Qla

where the augmented load is
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and N1+ N¢ = d counts the number of inductors and capacitors. The augmented
scattering matriz is
S = |: Sa,ll Sa,12 :| N
=
Sa,21 Sa,22 d
N d

is a constant, real, orthogonal matriz.

This representation reveals the structure of the lumped, lossless N-ports, offers
a numerically efficient parameterization of U (N, d) in terms of the orthogonal
group, proves the Circuit-Scattering Correspondence, generalizes to lumped, pas-
sive N-ports, and provides an approach to non-lumped or distributed N-ports.

A natural generalization drops the constraint on the number of reactive el-
ements in the 2-port and asks: What is the matching set that is obtained as
deggp[S(p)] = o007 Define

Ut (2,00) = |J U*(2,d).
d>0

The physical meaning of UT(2,00) is that it contains the scattering matrices
of all lumped, lossless 2-ports. It is worthwhile to ask: Has the closure has
picked up additional circuits? Mathematically, a lossless matching N-port has a
scattering matrix S(p) that is a real inner function. Inner functions exhibit a fas-
cinating behavior at the boundary. For example, inner functions can interpolate
a sequence of closed, connected subsets K,, C D [12]: lim,_; S(rejem) = K,,.
In contrast to this boundary behavior, if the lossless N-port is lumped, then S
is rational and so must continuous. The converse is true and demonstrated in
Appendix A.

COROLLARY 6.1. Let S € H°°((C+,(CNXN) be an inner function. The following
are equivalent:
(A): S €A (Cy,CN*N,
(B): S is rational
Corollary 6.1 answers our question above with the negative:

Ut (2,00) = JUT(2,d).

d>0

Thus, continuity forces S € U (2,00) to be rational and the corresponding

lossless 2-port to be lumped. It is natural to ask: What lossless 2-ports are not
in Ut (2,00)?

EXAMPLE 6.1 (TRANSMISSION LINE). A uniform, lossless transmission line of
characteristic impedance Z. and commensurate length [ is called a unit element
(UE) with chain matrix [3, Equation 8.1]

[vl ] _ [ cosh(rp)  Zesinh(rp) } [ Vg }

i1 Y.sinh(7p)  cosh(rp) —ig
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where 7 is the commensurate one-way delay 7 = [ /¢ determined by the speed of
propagation c.

i —1— io
+O——>— —<<—O0+
Z;
Vi Vo
- O0— _— 0O -

Figure 19. The unit element (UE) transmission line.

The scattering matrix of the transmission line normalized to Z. is

0 TP
Sue(p) = [ TP 60 ]

and gives rise to two observations: First, Syg(jw) oscillates out to oo, so
Syk(jw) cannot be continuous across £oo. Thus, U™ (2, 00) cannot contain such
a transmission line. Second, a physical transmission line cannot behave like this
near +oo. Many electrical engineering books mention only in passing that their
models are applicable only for a given frequency band. One rarely sees much
discussion that the models for the inductor and capacitor are essentially low-
frequency models. This holds true even for the standard model of wire. One
cannot shine a light in one end of a 100-foot length of copper wire and expect
much out of the other end. These model limitations notwithstanding, the circuit-
scattering correspondence will be developed using these standard models. The
transmission line on the disk is

1
0 exp(—7’1+2>

Sugoc !(z) = 142 —F
exp(—T ) 0
1—2z

and is recognizable as the simplest singular inner function [35, pages 66-67]
analytic on C \ {1} [35, pages 68-69]. Figure 20 shows the essential singularity
of the real part of the (1,2) element of Syg o c7!(z) as z tends toward the
boundary of the unit circle.

7. Orbits and Tight Bounds for Matching

The following equalities convert a 2-port problem into a 1-port problem. Let
U be a subset of UT(2). Let

3"1(11, SL) = {91(5,8[) : S e U}, ?2(1(78@) = {9’2(5, Sg) : S e U}
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Of 812( reie)]: r=0.9
1 T

-150 -100 -50 0 50 100 150

-150 -100 -50 0 50 100 150

-1 I I I I I I
-150 -100 =50 0 50 100 150

0 (deg)

Figure 20. Behavior of Re[Sug,12 0 ¢~ *(2)] for z = re’® as r — 1.

denote the orbit of the load and the orbit of the generator, respectively. By
Lemma 4.4,

sup{||Gr(sc, S, sr)||—00 : S € U} =1 — inf{||AP(sg, S, SL)||C2>o : S eu}
=1 —inf{||AP(sq,s1)||% : 51 € F1(U;sp)}
=1- inf{||AP(52,sL)||gO 289 € Fo(Us sg) b,

or maximizing the gain on U is equivalent to minimizing the power mismatch on
either orbit. Darlington’s Theorem makes explicit a class of orbits.

THEOREM 7.1 (DARLINGTON [3]). The orbits of zero under the lumped, lossless
2-ports are equal

H:Q(UJF(23 OO)) 0) = ?1(U+(2a OO), O)
and strictly dense in Re BA;(C.).

PROOF. Let S € Ut (2,00). Corollary 6.1 and Belevitch’s Theorem give that

_ l h f 2x2
S(p) = P [ L. Th, } € Re A1 (C4,C*9),
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where (f,g,h) is a Belevitch triple. With s;, = 0 and sg = 0, both s; =
F1(S,0) = h/g and belong to Re BA;(C). However, Corollary 6.1 restricts S to
be rational so the orbits cannot be all of Re BA;(C ). By relabeling S with 1 «
2, we get equality between the orbits. To show density, suppose s € Re BA;(C ).
Because the rational functions in Re BA;(C,) are a dense® subset, we may
approximate s(p) by a real rational function: s ~ h/g € Re BA;(C.), where
h(p) and g(p) may be taken as real polynomials with g(p) strict Hurwitz and for
all w € R: g(jw)g«(jw) — h(jw)h.(jw) > 0. By factoring g(p)g.(p) — h(p)h«(p)
or appealing to the Fejér—Riesz Theorem [46, page 109], we can find a real
polynomial f(p) such that

f(0)f<(p) = 9(p)g«(p) — h(p)h(p).
The conditions of Belevitch’s Theorem are met and

S(p) 1 h(p) f(p)

gp) | f«(p) —h«(p)

is a lossless scattering matrix that represents a lumped, lossless 2-port. That is,
h(p)/g(p) dilates to a lossless scattering matrix S(p) for which s & s1;. Conse-
quentially, both orbits are dense in Re BA;(C). O

At this point we are in position to obtain a tight bound on matching performance
in the special case of vanishing generator reflectance, s¢ = 0. For any given load
s € BH*(C4). Lemma 4.6 shows that sy — ||AP(s2,81)]|eo is continuous.
This continuity, coupled with the density claims of Darlington’s Theorem, gives:

max{Gr(0,9,sz): S € UT(2,d)}
= 1— min{||AP(52,sL)||§o 189 € Fo(UT(2,d);0)}
< 1— inf{||AP(sz,sL)||§o : 89 € Fo(UT(2,00);0)}

Darlington

1-— lnf{HAP(SQ,SL)Hio 189 € ReBAl((C+)}
< 1—inf{||AP(s2,s1)||% : s2 € BH®(C4)}.

The “max” and the “min” are used because U™ (2, d) is compact (Theorem 6.1)
and Gr is continuous. The last infimum is attained by a minimizer by the Weier-
strass Theorem using the weak-* compactness of BH>(C,) (page 10) and the
weak-* lower semicontinuity of the power mismatch (Section 4.10). The mini-
mum can be computed using the Nonlinear Nehari Theorem (See the comments
following Corollary 5.2 and Corollary 5.3). Thus, the impedance matching prob-
lem has a computable bound:

5Density claims on unbounded regions can be tricky. However, Lemma 3.3 isometrically
maps A1(C4) = A1(D)oc and preserves the rational functions. Therefore, the dense rational
functions in A(D) map to a set of rational functions in A1 (C4) that must be dense.
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max{G7(0,5,sz): S € UT(2,d)}
= 1 — min{[|AP(sq,5.)||% : 52 € Fo(UT(2,d);0)}

< 1 —inf{||AP(sq,s1)||% : 52 € Fo(UT(2,00);0)}

Darlington

1 —inf{||AP(sq,s1)||% : 52 € Re BA;(C,)}

Corollary 5.3

< 1—  min  {||AP(s2,s0)|% : s2 € BH®(C,)} (computable).

I3
The real constraint can be relaxed for real loads sy, by Corollary 5.5:

max{Gr(0,5,sz): S € UT(2,d)}
= 1—min{HAP(52,sL)HgO 159 € F(UT(2,d);0)}

< 1— inf{||AP(52,sL)||go 189 € Fp(UT(2,00);0)}

Darlington

1 —inf{||AP(sq,51)||% : 52 € Re BA;(C 1)}

Corollary 5.5 . S
=Y 1 —inf{||AP(sq,51)||% : s2 € BA(C1)}

Corollary 5.3 _
< 1—  min  {||AP(sy,s1)||% : s2 € BH®(C,)} (computable).

Finally, the last inequality is actually equality if s, is sufficiently smooth, using
Theorem 5.5. Rolling it all up, we see that s;, € Re BA;(C.) forces a lot of
equalities:

max{G7(0,9,sz): S € UT(2,d)}

= 1 — min{||AP(s2,s1)||%, : s2 € F2(UT(2,d);0)}

[
< 1 —inf{||AP(s9,51)||% : 52 € To(UT(2,00);0)}

Darlington

1 —inf{||AP(s9,51)||% : 52 € Re BA;(C,)}

Corollary 5.5

1— il’lf{”AP(SQ,SL)HgO $ 89 € B.Al((C+)}

Corollary 5.3
1-—  min  {||AP(se,sL)

Theorem 5.5 : 59 € BH®(C,)} (computable).

2
[
Physically, this tight Nehari bound means that a lossless 2-port can be found
with smallest possible power mismatch and that there is a sequence of lumped,
lossless 2-ports that can get arbitrarily close to this bound. Furthermore, this
bound can be computed from measured data on the load.

8. Matching an HF Antenna

Recent measurements were acquired on the forward-mast integrated HF an-
tenna on the LPD 17, an amphibious transport dock. The problem is match this
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antenna over 9-30 MHz to a 50-ohm line impedance using the simplest match-
ing circuit possible. The goal is to find a simple matching circuit that gets the
smallest power mismatch or the smallest VSWR (Section 4.8) Thus, a practical
matching problem is complicated by not only minimizing the VSWR, but making
a tradeoff between VSWR and circuit complexity.

We start with a transformer, consider low- and high-pass ladders, and then
show how the Nehari bound benchmarks these matching efforts. The transformer
has chain and chain scattering matrices parameterized by its turns ratio n (see
[3, Eq. 2.4] and [25, Table 6.2]; see also Figure 4 and Equation 4-1):

n-1

0

1 [ 1402 1-—n?

0] o 1
n transformer — m 1— ng 1+ ng

Ttransformer = |:

Figure 21 displays the power mismatch as a function of the turns ratio n. This
optimal n produced Figure 5 in the introduction. The antenna’s load sy, is
plotted as the solid curve in the unit disk. The solid disk corresponds to those
reflectances with VSWR less than 4. The dotted line plots the reflectance looking
to Port 1 of the optimal transformer with Port 2 terminated in the antenna:
51 = G1(Otransformers S1.)- Lemma 4.4 demonstrates that matching at either port
is equivalent when the 2-port is lossless.

Ipd17fwd4_2; Matching by ideal transformer
1 T T T T T

Power Mismatch

055 ! ! ! ! ! ! ! ! !
0 1 2 3 4 5 6 7 8 9 10

nturnsratio; n__=1.365
opt

Figure 21. Power mismatch of an ideal transformer.
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sL:Ipd17fwd4_2; 4-stage low—pass LC Ladder (starts with series L)

—-3.3109

L o}
135 1.24
2.85 0.65

cf03.m;v( sT)

L L
-04 -0.2 0 0.2 0.4

L L
0.6 0.8 1
VSWR:5.952- 3.469; |DT|Lm:0.492& 0.6948

-1 I !
-1 -0.8 -0.6

Figure 22. The antenna's reflectance s (solid) and the reflectance s; after
matching with a low-pass ladder of order 4.

Figure 22 matches the antenna with a low-pass ladder of order 4 (See Fig-
ure 11). Comparison with the transformer shows little is to be gained with the
extra complexity. So it is very tempting to try longer ladders, or switch to high-
pass ladders, or just start throwing circuits at the antenna. The first step to gain
control over the matching processes is conduct a search over all lumped, lossless
2-port of degree not exceeding d:

d — min{||AP(F2(S, 5¢),51) ||l : S € UT(2,d)}.

The state-space representation of Theorem 6.2 provides a numerically efficient
parameterization of these lossless 2-ports. Figure 23 reports on matching from
U (2,4). What is interesting is that ss is starting to take a circular shape. This
circular shape is no accident. Mathematically, Nehari’s Theorem implies that
the error is constant at optimum ss:

AP(SQ(jw)v SL(]W)) = Pmin-

The electrical engineers know the practical manifestation of Nehari’s Theorem.
For example, a broadband matching technique is described as follows [55]: The
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5, =lpd17fwd4_2 matched b p)J U*(2,4)

zfit07: v( sl):-3.8237
s
)

1
©
»

-0.6

-0.8

Il Il
06 08 1
VSWR:5.952 2.814; |G|, =0.4926- 0.7738

!

L L
-04 -02 0 0.2 0.4

-1 1 I
-1 -0.8 -0.6

-0.069 0.940 -
-1.038 -0.419 -
1.137 -2.971 -
-2.812 -0.820 -
-1.031 2.455 -

a
2.87¢
2.52;
1.12¢
0.73(
1.64¢

Figure 23. The antenna’s reflectance si (solid) and the reflectance s; after

matching over U (2,4).
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load impedance zy, is plotted in the Smith chart. The engineer is to terminate
this load with a cascade of lossless two-ports. By repeatedly applying “shunt-

stub/series-line cascades, a skilled designer using simulation software can see
[the terminated impedance zp] form into a fairly tight circle around z = 1.” The

appearance of a circle is a real-world demonstration that Nehari’s Theorem is

heuristically understood by microwave engineers.

The final step for bounding the matching process is to estimate the Nehari
bound. Combine the eigenvalue test of Corollary 5.2 with the characterization
of the power mismatch disks in Lemma 4.5: There is an sy € BH*(C ) with

|A(s2,80) |0 < p <= Tg,2 2 He, He,,

where the center and radius functions are

1—p?
C,=k,oc!, k,=5, —————
p P ) p J
1= p2lszP?
1—|sz|?
_ -1 L
R,=r,oc™, 1,

T s
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Ipd17fwd4_2: MinEig[T 2~ H_ H_"]
0.06 T T T T

0.04f .

0.02r- 1

eigenvalues
o

-0.02 .

-0.04\ .

_O'On | | | | | | |
2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3
VSWR: Nm:16384; Fourier cutoff=—30 dB

Figure 24. Estimate of Aint(p) versus p in terms of the VSWR

Let Aine(p) denote the smallest real number in the spectrum of ‘TR',ﬁ - He, J—C*Cp.
Figure 24 plots an estimate of Ain¢(p). The optimal VSWR, occurs near the
zero-crossing point.

Figure 25 uses these VSWR bounds to benchmark several classes of matching
circuits. Each circuit’s VSWR is plotted as a function of the degree d (the total
number of inductors and capacitors). The dashed lines are the VSWR from the
low- and high-pass ladders containing inductors and capacitors constrained to
practical design values. The solid line is the matching estimated from U™ (2, d).
A transformer performs as well as any matching circuit of degree 0 and as well
as the low-pass ladders out to degree 6. The high-pass ladders get closer to
the VSWR bound at degree 4. A perfectly coupled transformer (coefficient of
coupling k = 1) offers only a slight improvement over the transformer. In terms
of making the tradeoff between VSWR and circuit complexity, Figure 25 directs
the circuit designer’s attention to the d = 2 region. There exist matching circuits
of order 2 with performance comparable to high-pass ladders of order 4. Thus,
the circuit designer can graphically assess trade-offs between various circuits in
the context of knowing the best match possible for any lossless 2-port.
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4.5 T T T T
— U*2,d)
A— — —. A V- low-pass ladder,|
v - A high—pass laddefr
W\
4 \\\ i
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.\‘ \\
3.5 transfomer \ \v\ |
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Figure 25. Comparing the matching performance of several classes of 2-ports
with the Nehari and U™ (2, d) bounds.

9. Research Topics

This paper shows how to apply the Nehari bound to measured, real-world
impedances. The price of admission is learning the scattering formalism and a
few common electric circuits. The payoff is that many substantial research topics
can be tastefully guided by this concrete problem. For immediate applications,
several active and passive devices explicitly use wideband matching to improve
performance:

antenna [49; 2; 8; 1];
circulator [36];

fiber-optic links [7; 26; 23];
satellite links [40];
amplifiers [11; 22; 37].

The H® applications to the transducers, antenna, and communication links
are immediate. The amplifier is an active 2-port that requires a more general
approach. The matching problem for the amplifier is to find input and output
matching 2-ports that simultaneously maximize transducer power gain, minimize
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the noise figure, and maintain stability. Although a more general problem, this
amplifier-matching problem fits squarely in the H* framework [28; 29; 30] and
is a current topic in ONR’s H* Research Initiative [41].

9.1. Darlington’s Theorem and orbits. Parameterizing the orbits currently
limit the H*® approach and leads to a series of generalization on Darlington’s
Theorem. An immediate application of Nehari’s Theorem asks for a “unit-ball”
characterization of an orbit:

QUESTION 9.1. For what sg € BH>(C) is it true that F1(UT(2,00), sg) is
dense in Re BA;(C)?

This question of characterization is subsumed by the problem of computing or-
bits:

QUESTION 9.2. What is the orbit of a general reflectance F1 (U, s1,)?

We can also generalize U (2,00) and ask about the orbit of sy, over all lumped
2-ports.

QUESTION 9.3. Characterize all reflectances that belong to

U ?1(U+(2,d),SL>

d>0

Closely related is the question of compatible impedances or when a reflectance
s, belongs to the orbit of another reflectance s’ .

QUESTION 9.4. Let sp, s € BH*(C,). Determine if there exists an S’ €
U™ (2) such that s, = F1(5", s%).

The theory of compatible impedances is an active research topic in electrical
engineering [54] and has links to the Buerling-Lax Theorem [29].

9.2. U*(2) and circuits. The Circuit-Scattering Correspondence of Section 6
identified lumped, lossless N-ports and the scattering matrices of Ut (N, d) [52].
By identifying an N-port as a subset of a Hilbert space, Section 1 claimed
that any linear, lossless, time-invariant, causal, maximal solvable N-port cor-
responded to a scattering matrix in U™ (N) [31]. The problem is reconcile the
lumped approach, which has a concrete representation of a circuit, with Hilbert
space claim, which gets a scattering matrix —not a circuit — by operator theory.

QUESTION 9.5. Does every element in U™ (2) correspond to a lossless 2-port?

In terms of Kirkoff’s current and voltage laws, if you were handed a collection
of integro-differential partial differential equations, is it obvious that the system
admits a scattering matrix?
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9.3. Circuit synthesis and matrix dilations. If matching problem with
sg = 0
inf{||AP(s2,sL)

admits a minimizer, then

t 89 € Fo(UT(2);0)},

1%

59 =F5(S, 8¢ = 0) = s22 + 52156 (1 — 5115¢) ' $12|sc=0 = S22

How can we use sp to get a matching scattering matrix S € U (2)? Thus, a
circuit synthesis problem is really a question in matrix dilations.

QUESTION 9.6. Given s, € BH>®(C.), find all S € U*(2) such that

S:[Sn S12 } _ [ S11 512]

521 S22 $21 S2

Not all s5’s can dilate to a lossless 2-port. Wohlers [52, page 100-101] shows that
the 1-port with impedance z(p) = arctan(p) cannot dilate to an S € U*(2). The

Douglas—Helton result characterizes those elements in the unit ball of H*® that
came from a lossless N-port.

THEOREM 9.1 ([14; 15]). Let S(p) € BH™(C,CN*N) be a real matriz func-
tion. The following are equivalent:

_ S(p)  Si2(p)
So1(p)  Saa(p) |
(B): S(p) has a meromorphic pseudocontinuation of bounded type to the open left
half-plane C_; that is, there exist ¢ € H*®(C_) and H € H>®(C_,CN*N)
such that

(A): S(p) admits an real inner dilation S(p)

H
lim S(o + jw) = lim —(—0 + jw) a.e.
o>0 o>0
oc—0 o—0

(C): There is an inner function ¢ € H*(C ) such that $S™ € H>(C,CN*N),

Let M denote the subset of BH>(C,) of functions that have meromorphic
pseudocontinuations of bounded type. General hyperbolic Carleson—Jacob (The-
orem 5.3) line of inquiry opens up to explore when the inequality

inf{||AP(s2,5L)|lco : 52 € M} > min{||AP(s2,L)||2, : s2 € BH>®(C,)}

[
holds with equality.

9.4. Structure of U*(2). Turning to the inclusion U (2,00) C U*(2), the
preceding sections have established that U (2, 00) is a closed subset of U™ (2)
that consists of all rational inner functions parameterized by Belevitch’s Theo-
rem. Physically, UT(2,00) models all the lumped 2-ports, but does not model
the transmission line. It is natural to wonder what subclass of U+ (2) contains
the lumped 2-ports and the transmission line. More precisely,

QUESTION 9.7. What constitutes a lumped-distributed network? How do we
recognize its scattering matrix?
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Wohlers [52] answers the first question by parameterizing the class of lumped-
distributed N-ports, consisting of Ny, inductors, N capacitors, and Ny uniform
transmission lines using the model in Figure 26. Wohlers [52, pages 168-172]

O— Wires
Port 1
O_
O_
Port 2 Transformers
_O—AL
Sd ~
Sp) | S(p)
- O—
Gyrators
— = H
Port N &
O_
—O0——

Figure 26. State-space representation of a lumped-distributed lossless 2-port.

establishes that such scattering matrices exist and have the form,

S(p) = F(Sa, S;P) = San1 + Sa128L(p)(La — Sa,225L(p)) " Sa 21,

where the augmented scattering matrix

Sa,11 Sa12 }
A
|: Sa,21 Sa,22

models a network of wires, transformers, and gyrators. Consequently, S, is a
constant, real, orthogonal matrix of size d = Ni + N¢ + 2Ny. Sp(p) is called
the augmented load and models the reactive elements as

0 e
Stp)=aln, © —adlne @ YIng ® | oy :

This decomposition assumes: (1) the first Ny, + N ports are normalized to zp =
1, and (2) the remaining Ny pairs of ports are normalized to the characteristic
impedance Z,, of each transmission line. Although some work has be done
charactering these scattering matrices, the reports in Wohlers [52, page 173] are
false, as determined by Choi [10].



HYPERBOLIC GEOMETRY, NEHARI’'S THEOREM, ELECTRIC CIRCUITS 51

9.5. Error bounds. The problem is to determine if T,2 > JH>H ., when all we
know are noisy samples of the center and radius functions measured at a finite

number of frequencies. Of the several approaches to this problem [29], we use
the simple Spline-FFT Method.

THE SPLINE-FFT NEHARI ALGORITHM Given samples {(jwy,C(jwir)} and
{(Jwg, R(Jwg)}, where 0 < wy < wg < -+ < wg < 00.

SF-1: Cayley transform the samples from jR to the unit circle T':
c(e%) == Coc ! (ed%), r(e?%) ;= Roc ().
SF-2: Use a spline to extend {e7% c(el%)} and {e?% r(e’%)} to functions on

the unit circle T.

SF-3: Approxzimate the Fourier coefficients using the FFT:

N—
A — Z —j2mnn’ /N +j27rn'/N)
N " ’
1 N-1
?(N,'fl) — N Z eijﬂ'nn /N,r,(e+]27rn /N)
n’=0

SF-4: Make the truncated Toeplitz and Hankel matrices:

~ M—1
Tz, MmN = [TQ(N; my — mQ)} ,
ml,mzzo

Hern = [EN: =(my +ma))l s

mi,ma=0 "

SF-5: Find the smallest eigenvalue of

_ H
Apn =Tz N — Hopr nHem, N

We are aware of the following sources of error:

e The samples are corrupted by measurement errors.

e The spline extensions from sampled data to functions defined on the unit
circle T.

e The Fourier coefficients are computed from an FFT of size N.

e The operator A is computed from M x M truncations.

QUESTION 9.8. Are these all the sources of error (neglecting roundoff)? How
can the Spline-FFT Nehari algorithm adapt to account for these errors? Can we
put error bars on Figure 247



52 JEFFERY C. ALLEN AND DENNIS M. HEALY, JR.
10. Epilogue

One of the great joys in applied mathematics is to link an abstract compu-
tation to a physical system. Nehari’s Theorem computes the norm of a Hankel
operator Hy as the distance between its symbol ¢ € L° and the Hardy subspace
H®:

[Hpll = inf{[|¢ — hljoc : h € H>}.
One of J. W. Helton’s inspired observations linked this computation to a host of
problems in electrical engineering and control theory. These problems, in turn,
led Helton to deep and original extensions of operator theory, geometry, convex
analysis, and optimization theory.

By linking H*° theory to the matching circuits, a physical meaning is attached
to the Nehari computation and produces a plot that the electrical engineers can
actually use. Along the way we encountered Darlington’s Theorem, Belevitch’s
Theorem, Weierstrass’ Theorem, the Carleson—Jacobs theorems, Nehari’s The-
orem, inner-function models, and hyperbolic geometry. Impedance-matching
provides a case study of rather surprising mathematical richness in what may
appear at first to be a rather prosaic analog signal processing issue.

A measure of the vitality of a subject is the quality of the unexplored ques-
tions. A small effort invested in circuit theory opens up a host of wonderful
research topics for mathematicians. These topics discussed in this paper indicate
only a few of the significant research opportunities that lie between mathematics
and electrical engineering. For the mathematician, there are few engineering
subjects where an advanced topic like H* has such an immediate connection
actual physical devices. We hope our readers do realize a rich harvest from these
research opportunities.

Appendix A. Matrix-Valued Factorizations

This appendix proves Corollary 6.1 using Blaschke-Potapov factorizations.
We start with the scalar-valued case.

LEMMA A.1. Let h € H*®(D) be an inner function. The following are equiva-
lent:

(A): h e A(D).
(B): h is rational.

PROOF. (a==Db) Factor h as h = cbs, where c € T, b is a Blaschke and s is a
singular inner function. If z, € T is an accumulation point of the zeros {z,} of
b, that is, there is a subsequence z,, — 2,, then continuity of A on D implies
that 0 = h(z,,) — h(z,). Continuity of h on D gives a neighborhood U C T
of z, for which |h(U)| < 1. Thus, h cannot be inner with b an infinite Blaschke
product. Thus, b can only be a finite product and has no accumulation points to
cancel the discontinuities of s. More formally, b never vanishes on T and neither
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s nor |s| is continously extendable to from the interior of the disk to any point
in the support of the singular measure that represents s [35, pages 68—69]. Thus,
h cannot have a singular part and we have h = cb.

(b=>a) A rational h also in H*(D) cannot have a pole in D. Then h is
continuous on D so belongs to the disk algebra. (I

The result generalizes to matrix-valued inner functions. For a € D, define the
elementary Blaschke factor [38, Equation 4.2]:

la| a —z .
ba(2) ==X a 1—az ifa#0,
z ifa=0.

To get a matrix-valued version, let P € CV*¥ be an orthogonal projection:
P? = P and P = P. The Blaschke-Potapov elementary factor associated with
a and P is [38, Equation 4.4]:

Ba.p(2) = Ing + (ba(2) — 1) P,

There are a couple of ways to see that B, p is inner. Let U be a unitary matrix
that diagonalizes P:

H | Ix O
UPU{OO.

Then,

U Bo.p(2)U = [ ba(2)xc 0 ]

0 In—k

From this, we get [38, Equation 4.5]:
det[Ba,p(2)] = ba(z) kL],

DEFINITION A.1 ([38, pages 320-321]). The function B : D — CM*¥ is called
a left Blaschke—Potapov product if either B is a constant unitary matrix or there
exists a unitary matrix U, a sequence of orthogonal projection matrices {Py :
k € X}, and a sequence {zj : k € X} C D such that

Z(l — |zk|)trace[Py] < oo
keX

and the representation
B(Z) = { H B.,.p, (Z)} U
keX

holds.

DEFINITION A.2 ([38, pages 319]). Let S € H>°(D,C*") be an inner function.
S is called singular if and only if det[S(z)] # 0 for all z € D.
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THEOREM A.1 ([38, Theorem 4.1]). Let S € H*®(D,CN*N) be an inner func-
tion. There exists a left Blaschke—Potapov product and a C™*N -valued singular
iner function = such that
S = BE.
Moreover, the representation is unique up to a unitary matriz U. If
S = B1E1 = ByEy,
then BQ = BlU and EQ = UHEl.

Critical for our use is that the determinant maps these matrix-valued generaliza-
tions of the Blaschke and singular functions to their scalar-valued counterparts.

THEOREM A.2 ([38, Theorem 4.2]). Let S € BH>®(D,CV*"),

(A): det[S] € BH>®(D).
(B): S is inner if and only if det[S] is inner.
(C): S is singular if and only if det]S] is singular.

With these results in place, Lemma A.l generalizes to the matrix-valued case.

PrROOF OF COROLLARY A.l. (a==b) Lemma 3.3 and Assumption (a) give
that W = S oc~! is a continuous inner function in A(D,C?**?). Theorem A.1
gives that W = BZE for a left Blaschke—Potapov product B and singular Z=.
Observe that det[W] = det[B]det[=]. If W is inner, then det[W] is inner by
Theorem A.2(a). Because W is continuous, det[I¥] is continuous and Lemma A.1
forces det[W] to be rational. Therefore, det[IW] cannot admit the singular factor
det[Z]. Consequently, W cannot have a singular factor by Theorem A.2(c).
Because det[W] is rational and

rank[Py]
Zk )

det[W] = det[B] = [ ] b

we see that B must be a finite left Blaschke—Potapov product. Consequently,
S = W oc is rational. Finally, this gives that S is rational.
(b=a) Let

where g(p) is a real polynomial

9(p) = g0+ g1p+ - + gy,
of degree K that is strict Hurwitz (zero only in C_) and H(p) is a real N x N

polynomial
H(p) = Ho+ Hip+--- + Hyp™
of degree L. Boundedness forces L > M. Then,
H(p) Ho+-~-+HMpMp%o{o if L > M,
= —_ .
9(p) go + -+ +grp* Hy/gy ifL=M.
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Thus, H(p)/g(p) is continuous across p = +joo. Thus, S(p) is continuous at
+j00. ([
Appendix B. Proof of Lemma 4.4

The chain scattering representations are [25]:

5(01;5) = F1(S, s), @wl[detm ]

S21 —8922 1
1 _

G(O;5) := F(S5,s), Oy~ — { det[S] 22 ] ’
512 —S11 1

where “~” denotes equality in homogeneous coordinates: © ~ @ if and only if
G(©) = G(®). Because S(p) is unitary on jR, ©1(p) and O (p) are J-unitary on
JR [29]:

o o [1 0
@J@—J—[O _1}

Fix w € R. Define the maps g1 and g5 on the unit disk D as

g1(5) == §(©1(jw),s),  ga(s) := G(O2(jw), 5).

Because O1(p) and O2(p) are J-unitary on jR, it follows that g; and gy are
invertible automorphisms of the unit disk onto itself with inverses:

-1 Sll(jw) :|
—s22(jw)  det[S(jw)]

—1 _ i 1 s i 1 N -1 SQQ(jW)
w510 =80, 0t~ [y oSt |

Because the gi’s and their inverses are invertible automorphisms, Equation 4-9
gives that

gr(s) = 9(01(w) L 8). () ~ [

g(s1) — g(s2)
1 —g(s1)g(s2)

for s1, s3 € D and g denoting either g, go, gl_l, or g2_1. For all p € jR, we
obtain

S1 — 82

)

1—515

AP(SQ,SL) = 52 7 5L

_ ‘ g2(s¢) — 51
1—go(sa)sL

1— s9sp,
sq — 85 ' (S1)

1 - segs ' (31)

= AP(sg,g; (51))-

Then AP(sq,s1) = AP(sg, 1), provided we can show s; = g5 ' (57). In terms
of the chain matrices, this requires us to show

s1=G(01;51) = 5(05,";50) = §(05 15 51).
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This equality will follow if we can show ©; ~ ©5' or that

o [ _522;51‘*[5] Sil//diii[s‘?} ] - { —_s% dgs] } ~ 637,

Because S(p) is inner, det[S] is inner so that det[S] = 1/ det[S] on jR. Also, on
JR, S(p) is unitary so that

§-1 — 1 { 522 —812]{511 812}
det[S] —8921 S11 S21 S22 ’
Then, 533 = s11/det[S] and 517 = sg/ det[S]. Thus, ©; ~ 05 so that s; =

g5 1 (37) or that the LFT law holds. By Lemma 4.3, the LFT laws give the TGP
laws.

Appendix C. Proof of Theorem 6.1

Let C(T,CY*") denote the continuous functions on the unit circle T. Let RE,
denote those rational functions g~ (q)H(q) in C(T,CY*") where g(q) and H(q)
are polynomials with degrees d[g] < M and 9[H| < L. The Existence Theorem
9, page 154] shows that RE, is a boundedly compact subset of C(T,CY*").
Lemma 3.3 shows the Cayley transform preserves compactness. Thus, RE, o ¢ is
a boundedly compact subset of 1+C(jR, CV*¥). By Lemma 3.1, UT(N) is a
closed subset of L=(jR,CN*N). The intersection of a closed and bounded set
with a boundedly compact set is compact. Thus, Ut (N)NRE, o c is a compact
subset of 14+C(jR, CV*N). We claim that U+ (N,d) = UT(N)NR%oc. Observe
ng o ¢ consists of all rational functions with the degree of the numerator and
denominator not exceeding d and that are also continuous on jR, including the
point at infinity. If S € UT(N) N R% o c,then deggy[S] < d. This forces S
into U+ (N, d). Consequently, U+(N,d) 2 Ut(N) N Réoc. For the converse,
suppose S € UT(N,d). By Corollary 6.1, S € A;(C,,CY*Y) and thus forces S
into R¢ o c. Thus, U*(N,d) C Ut(N) N R4 o ¢ and equality must hold. Thus,
U™ (N,d) is compact.

Appendix D. Proof of Theorem 5.5
We start by remarking upon the disk with strict inequalities:
D(c,r):={¢p € L°(R) : |p(jw) — c(jw)| < r(jw) a.e.}.

First, D(c,r) need not be open. For example, D(0,1) contains the open unit
ball and is contained in its closure:

BL*(jR) C D(0,1) C BL*(jR).
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However,
. w
W)= ——
P(jw) = 7 Tl

belongs to D(0,1) but with ||¢||cc = 1, there is no neighborhood of ¢ that is
contained in the open unit ball.

Second, consider what the strict inequalities mean for those v : L*(jR) — R
that are continuous with sublevel sets

['7 < O‘] = D(Cmra)'

We cannot claim that [y < a] is D(cq,7a). Instead, [y < a] is an open set
contained by D(cq, 7). In this regard, the following result gives us some control
of the strict inequality.

THEOREM D.1. Let ¢, r € L®(jR). Assume r—! € L*®(jR). Let V be any
nonempty open subset of L (jR) such that V C D(c,r). For any ¢ €V,

lr=H (¢ =)o < 1.
PROOF. For any ¢ € V, the openness of V' implies there is an € > 0 such that
¢ +eBL*(jR) C V.

Consider the particular element of the open ball:

A¢ =€ xsgn(¢p—c)

[7lloo’

where 0 < ¢/ < € and

if 0
sgn(z) := {S/|Z 1f z i 0»

Then ¢ + A¢ € D(e,r) so that

r>l¢p+A¢—c=lp—cl+¢

[17]loo
Divide by r and take the norm to get
1> [r7H(¢ = o)lloo +€'lIr]I

or that 1 > ||[r7(¢ — ¢)|ls- To complete the argument, we need to demonstrate
that the preceding argument is not vacuous. That is, D(c,r) does indeed contain
an open set. Because r does not “pinch off”; 0 < ||7]|—oc. Choose any 0 < n <
I7|| —oo. For any ¢ € BL>®(jR)

l(nd+¢)—clloo <n<r  ae.

Thus, the open set ¢ + nBL*>(jR) is contained in D(c,r). O
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PrOOF OF THEOREM b5.5. There always holds
PBa, = f{||AP(s2,51)|[00 : 52 € BA,(CL)}
> min{||AP(s2, L)oo : 52 € BH®(C4)} = ppee-

Suppose the inequality is strict. Then there is an so € BH>(C ) such that

PBa, > |AP(s2,5L) - (D-1)
By Lemma 4.6, the mapping Ap(s2) := [[AP(s2,51)||« is a continuous function
on BL*(jR). Consequently, [Ap < pg, ] is open with

[Ap < ppa,] C D(ka,ra),

where the center function and radius functions are
1= 0%, 1—|s|?

2’ TA = PBa, 72

kg =38 ————>5
* 2
L= 954, lsL

Foaloi

Let r4 have spectral factorization r4 = |ga|.- By Theorem D.1,
lga'ka — g5 s2ll00 < 1.
If we assume that qzlk,q € 1+Cy(jR), Theorem 5.2 forces equality:
1> |lg ka — HX(Cy)lloo = llg% ka — A1(Ct)ll oo

The equality lets us select s4 € A1(C,) that satisfies

1 =0 > llgy" (ka = 54)lloo,
for some 1 > g9 > 0. This forces the pointwise result:

(1 —eg)ra > |ka—sa|l ae.

With some effort, we will show that this pointwise equality implies

Ap(sa) < Ppa,-

This contradiction implies that Equation D—1 cannot be true or that the inequal-
ity pga, = PBH~ cannot be strict.

To start this demonstration, we first prove q;llk 4 is continuous. Because sy,
belongs to the open unit ball of the disk algebra, both k4 and r4 belong to
14+Cp(jR). Thus, it remains to prove that q;ll is continuous. Lemma 3.3 gives
that Rq = 7.4 o c™! belongs to C(T). Ignore the trivial case when pg, = 0.
Because

Ra > ppa, (1= lsclZ) >0
it follows that log(R4) € C(T) and defines the outer function [18, page 24]:
1 2w gt )
Qae)i=ex (5 [ S tou(Ra(e i) < AD)
0

2 et — z
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Lemma 3.3 gives that g4 = Q4 oc € A;1(C4) and is also an outer function.
Because g4 is an outer function q;ll € A1(C4). Thus, a spectral factorization
exists in the disk algebra.

To continue, define for € € [0, g¢],

p(e) == (1 —€)ppa,-
Define , )
- 1—p(e) 1—|sz]
k = _— = R S E—
€ SL 1 —p(€)2|8L|27 Te pp(&‘) 1 —P(€)2|SL|2
In L°(jR), ke — ka and 7. — r4 as € — 0. Then

[sa—ke| < |sa—kal+ |ka—Fke]|
< (I-eo)ra + |ka—ke| < (1—co)re + [ra—re| + [ka—ke|.
Because the last two terms are bounded as Ole],
[sa — ke| <re—eore + Ofe].

Because r 4 is uniformly positive, and r. converges to 74, the last two terms are
uniformly negative for all € > 0 sufficiently small. This puts

54 € D(ke,re) <= Ap(sa) < (1 —¢€)pga,- O
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