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What I1s a Reflectionless Filter?
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Issues with Conventional Filters
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Benefits of Reflectionless Filters
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nce CalledConstantResistance Networks

Otto Zobel, 1928

DISTORTION CORRECTION 499

With the above fixed values of the coefficients and formula (77), (78),
(80), and (82), the network can be constructed which is to simulate
any smooth line having physically realizable 2, and z. This simula-

(Broken lines indicate the other series and lattice branches, respectively identical.)

R, = muR'l, Ry = 1/mG'l, R = m'R, Ry = 1/m/G'l,
Ly = mlL', Cy = mC'l, Ly = m'LY, C! = m'Cl,
Ry = 1/mG'l, Ry = myR'l R = 1/mi'G'l, R = mi'R'l,
Cy = mC'l, Ly = mylL'l, Ci' = my'Cl, Ly = m'L",
my = 45737, my = 14456, my = 04263, my = 92403,

Fig. 23—Artificial smooth line which simulates a moderate lenfth. I, of line
having the pri constants R’, L', G’, and C’ per unit length. (If R’ = G’ = 0,
it becomes a non-dissipative phase network whose time-of-phase-transmission at the
lower frequencies has the constant value, rp = NI'CL.)

tion is very accurate for small values of y. As y increases, the de-
parture of the network propagation characteristic from the smooth
line values also increases, but it amounts to less than 1.4 per cent
even at |y| = 3.0, as may be derived from a comparison of (83)
and (85).

As an illustration of this type of design, these results were analyt-
ically applied to the case of a 104-mil open-wire smooth line having
the constants per Joop mile (for wet weather, and assumed independent
of frequency),

R
led

10.12 ohms; L' = 3.66 mh.;
3.20 micromhos; C’ = .00837 mf.

]

The corresponding simulating network for a length [ is shown struc-
turally in Fig. 23, where

Hendrik Bode, 1945

TOPICS IN THE DESIGN OF EQUALIZERS 253

The element values of the first degree networks are given by explicit
formulae in Fig. 12.2. The element values of the second degree networks
are less easily written. For the structures of V and VI they can, however,
be computed, and are shown, for the Z; branch, by Figs. 12.4 and 12.5.
In the Brune networks represented by structures VII and VIII reasonably
explicit formulae are hardly possible. Itissimplest to give formulae for the
lattice branch impedance as a whole, leaving the individual elements to be
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determined subsequently from this expression. If we write the lattice
branch Z, as

Ay + Asp + /16?”

Zs = R =
Ts ¥ Aup + Aop? )
the coefficients A - - - Ag must satisfy the system of equations
Ay — Ay = biby(As — Ab),
Ay + Ay = ayax(dy + Ae),
(12-3)
Az — Ay = — (b1 + b3) (s — As),

As + Ay = — (a1 + a2) (A5 + 4s),
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Realizability Limitations Lead to Excess Flat Loss
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Higher-Order Synthesis Complex (High Element Count)
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Renewed Interest

A Discovery of coupledadder topologies has generated renewed intere
In reflectionless filters.

A Many researchers now exploring different ways of implementing
reflectionless filters

A TransmissiorLines

A Coaxial Resonators

A SurfaceAcoustic Wave

A Substratdntegrated Waveguide

A Many of these new approaches are based on empirical modeling.
A For this talk, | will focus on the fundamental coupladder solution.
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Coupled Ladder Topology
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Even-Mode Excitation




Even-Mode Excitation
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Odd-Mode Excitation




Odd-Mode Excitation
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Even and OddMode Analysis

EvenMode Odd-Mode
Equivalent Circuit Equivalent Circuit
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T= 1/Z(G‘even6 God()




Even and OddMode Synthesis
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duality
~highpass transformation




Duality




Even and OddMode Synthesis
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Even and OddMode Synthesis
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Even and OddMode Synthesis
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Even and OddMode Synthesis
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Even and OddMode Synthesis
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Even and OddMode Synthesis
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Even and OddMode Synthesis

EvenMode Odd-Mode
Equivalent Circuit . Equivalent Circuit
Geven_\ll b rGodd
1 1
o 119
1
|

i

.||____________




Even and OddMode Synthesis
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Even and OddMode Synthesis
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Even and OddMode Synthesis
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Even and OddMode Synthesis
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Even and OddMode Synthesis
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A Third -Order Reflectionless Filter
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Higher-Order Responses Not So Great
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Higher-Order Responses Not So Great
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Subnetwork Expansion




Subnetwork Expansion

a, - POt 1 Port 2
b
AvAY C 1 H
ﬁf\ b2
—fw—I—/W— reflectionless
"Port 3 Port 4" by *a,
| I
H
termination termination Bf \' a2
P P




Subnetwork Expansion
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Subnetwork Expansion
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A SeventhOrder Reflectionless Filter
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Element Value Generalization
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Topological Generalization
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Limiting Ripple Factor
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Negative Element Mitigation
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Negative Element Mitigation

The rest of the filter...

(Element values are normalized
for frequency and impedance.)




Negative Element Mitigation
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Negative Element Mitigation
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Negative Element Mitigation
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Negative Element Mitigation

The rest of the filter...




Negative Element Mitigation
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No More Negative Elements!
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Type-ll to Type -l Transformation
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Type-ll to Type -l Transformation

0,/2
| —]r
:: ::
-10 )
/ PR Al /2
o0 . 92 ¢ (i) 0
27 G 9
- e s11 (dB) = —o0 v ’
'y . Il
=30 : (051 9.)/2
% @192 B g,
PREEIR S
l \ o— ®
-50 (971 9g)/2
g,/2
0 1 2 3 4 5

1 1
Frequency, w . Vv | MV




Type-lI Transmission Equivalent to Standard Ladder
(but Reflectionless)

Designation

U

O1

O

O3

O

Os

J6

g7

Butterworth

0

0.445

1.247

1.802

2.000

1.802

1.247

0.445

O

04

| 4 Chebyshev
Os

0.0100
0.0189
0.0500
0.1000
0.1500
0.2000
0.2187
0.2500

0.535
0.621
0.807
1.008
1.173
1.323
1.377
1.465

1.179
1.274
1.396
1.437
1.424
1.392
1.377
1.350

1.464
1.569
1.757
1.940
2.089
2.229
2.280
2.366

1.500
1.569
1.634
1.622
1.576
1.520
1.498
1.461

1.464
1.569
1.757
1.940
2.089
2.229
2.280
2.366

1.179
1.274
1.396
1.437
1.424
1.392
1.377
1.350

0.535
0.621
0.807
1.008
1.173
1.323
1.377
1.465

Legendre

1.864

1.590

2.151

1.727

1.939

1.477

0.839




Negative Elements Removed Ableeded Butterworth
Chebyshed (UO 0. 2187) Legendre
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Implementation: Discrete SWIT
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Deep Rejection Chebyshev Typd Filter ( N=7)




Chebyshev Typell Even-Order Filter ( N=6)
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Butterworth Filter ( N=7)
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Elliptic Filter

S22
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Frequency (MHz)

WGUIEDerR s VIS0 r '\gan, and T. Boyd, nReflectionless filter S 6
IRNTC tEBEnTsansactions on Circuits and Systemgol. 66, no. 12, pp. 4666618, December 2019.




Implementation: Monolithic: Dig:




Most Compact Implementation

Capacitors

Resistor

Inductors

T~
GREEN BANK
OASERVATORY




GaAs Integrated Passive Device (IPD) Fabrication
625 MHz LowPass Filter 1.6/ 3.6 GHz BanePass Filter




GaAs IPD High-Pass Filter N=7)
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Reflectionless filters were developed to improve
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Thin-Film on Quartz
60 GHz LowPass Filter{j=5) 60 GHz HighPass Filter{=7)




Size and Frequency of Various Implementations
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Canonical Filter Responses
Chebyshev Type | Chebyshev Type I
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Conventional Topologies

LumpedElement Ladder Real Frequency Response

L, L, L

T |

= = = = ::;-20 A AV \\

Divide out immittance and corner frequency... Frequency (GHz)
Normalized Ladder Prototype Normalized Response

9, J4 Js

Igl Igs Igs IQ? E-IO o

DL Mg \\

1 2
F




Even-Order Filters
A One may derive an evander filter by allowing

. N N the last reactive element from an ealdler
Yol | T019) T prototype to become zero.
s “—‘2/( 1. A This inevitably leaves some negative, zero, or
119, T2/(951 90) T 119, . - . .
| Vo | . | Infinitely-valued elements Iin the bottemost
ol — position.
twi——wiq4 A The zero/infinite components simply disappear,
AR and the negative elements can be compensate
ML ap, the usual way.
On+1 On+1

(Element values are normalized
for frequency and impedance.)

!
! 2, _ % ! 3
2 == N TR



Even-Order Filters

29, T
N+ O

1/9, T T2/(0,1 9p) = 119,
1/9, 1/9,

— ¢

19, =—2/(93| 94) = 1/9,

2/(Qns1f 1/Gni1)

A Many evenorder filter prototypes have
nonunitvalue normalized termination
impedance.dy.;! 1)

A An extra resistor is then required to meet t|
duality condition.

A R = 2/@y.11 1/gy.1)

A If this formula gives a negative resistance,
than the same transformer identities as
before can be used to remove It.

!
i) _ % [ )
2 == N TR




Butterworth Is its Own Inverse

NTy-p@ Butter woN=)h Tomdly-peyg Butter wh=b)t h
1 1 ports

1/g 1/g9
2 T 2

[ 41N ’
n—\ ®
2/(031 9)




Butterworth i1s 1its Own Inverse
NTy-p@ Butter woN=)h Tomdly-peyg Butter wh=b)t h

0
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-40
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