The Design of Ultra Narrow-Band Amplifiers
for High Sensitivity Receiver Front-Ends
Using Negative Resistance Devices
for ESM, ECM, ECCM, ELINT,

Radar, Satellite & Telecommunication
Applications
BY

Dr. Ash (Ashok) Gorwara & Dr. Alfred | Grayzel
Gorwara & Associates International, Inc.

Corporate Address: 2200 S. Ocean Lane, Unit #2002, Floor 20, Fort Lauderdale, FL 33316 USA
Mailing Address: 6590 Waters Edge Court, New Market, MD 21774 USA
Telephone: (301) 639-6344 or (240) 357-3902
Emails: ash@gorwarainternational.com and ashokgorwara@aol.com




The Design of Ultra Narrow-Band Amplifiers for High Sensitivity
Receiver Front-Ends Using Negative Resistance Devices for ESM,
ECM, ECCM, ELINT, Radar, Satellite & Telecommunication

TOPICS COVERED

* Review general block diagrams of various RF, Microwave & Millimeter Wave
Receiver Front-Ends used in:

— Defense & Radar Systems

— Space Systems

— Telecommunication

— Test & Measurement (ATE) Equipment

* Review mathematical equations & parameters that define sensitivity, selectivity &
~ noise in narrow band receiver front-ends. *

* Review existing passive filter technology & techniques that achieve 1% to 0.01%
narrow bandwidths and determine which ones are compatible for integration
with PC's, IC's, MIC's & MMIC's.

* Propose a solution of applying reflection amplifier techniques that offer gain & filter
bandwidths of 1% to 0.004% by just using a 3 section bandpass filter with 10%
bandwidth.

* A patented design approach & technique is presented of a 25 dB reflection
amplifier using 3 dB Quadrature Hybrid, matched 3 section bandpass filters, and
matched negative resistance tunnel diodes that can achieve bandwidths of 1%
to 0.004% by adjusting two resistors RSER & RSH.

* Design of narrow band 25 dB gain amplifier and filter is offered that is compatible
with PC's, MIC's, IC's, MMIC's and can be used in frequency ranges of 1 KHz to
100 GHz.

* A low cost solution is offered on how to design miniature, lightweight, narrow band
amplifier front-ends using existing and simple filter designs and mature
technologies and techniques that have existed since the 1960's.




TYPICAL RECEIVER BLOCK DIAGRAMS

® Defense Platforms
® Radars
® Space Applications
® Telecommunications
@
———VIDEQ
RECEIVER  §——ANALoG
¢ VOICE

RECEIVE o powN CONVERTER RECEIVER FRONT-END
® UP-CONVERTER FRONT-END
CHANNELIZED RECEIVER FRONT-END

IFM RECEIVER FRONT-END
TUNER/SUPERHETRODYNE FRONT-END

TRANSPONDER

—> OR TRANSCIEVER OR

RECEIVE

RECEIVE

REPEATER

SOLID STATE

A

TRANSMIT

® SET-ON JAMMER (Pulse on Pulse)

DIRECTION FINDING
RECEIVER

—— IF or VIDEO

LOG AMPLIFIER

® RECEIVER FRONT-ENDS

Test & Measurement Equipment and ATE

Vion = A cos(ot+ ¢)

|

AMPLITUDE FREQUENCY PHASE &
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(input)

MOST RECEIVERS ARE DESIGNED
AND APPLIED TO SOLVE ABOVE
EQUATION

Minimum Detectable Signal (MDS):

MDS = -114 + NF + 10log(B))

NF is in dB
Br = RF channel bandwidth (MHz)

RECEIVER SENSITIVITY IS DIRECTLY
PROPORTIONAL TO BANDWIDTH.
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TYPICAL RADAR WARNING RECEIVER FRONT-END OR
DIRECTION FINDING RECIEVER FRONT-END SUB-SYSTEM
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TYPICAL RADAR WARNING OR
DIRECTION FINDING RECEIVER
FRONT-ENDS USE:-
e DETECTOR LOG VIDEO AMPLIFIERS (DLVA's)

® SDLVA's
® DIODE DETECTOR CIRCUITS

Detector
Si RF - N 1 Video So
Ni— |  Amplifier > Amplifier  ["No
FR = Noise figure of RF amplifier FV = Noise figure of video ampilifier
BR = RF BW BV = Video BW
GR = RF Gain

Amplified Diode Video Receiver

RECEIVER SENSITIVITY IS DETERMINED
BY TSS AND BANDWIDTH

TSS = —114 +F; +10Log[ 6.31B y +2.5V (2BgBy —By?) + ABy

(GrFr)2]

TSS = -110 +F; + 10Log \ (2BgBy - By?)
FORBR >>B y

A = 4 F vV RV
x 10 ~°
KTK g 2
and

RV = detector video resistance
T = temperature in degrees Kelvin
KSL = detectors square law K in mV/mW
FVv = video amplifier noise factor
K = Boltzmann's constant (1.38 x 10722 J/°K)
GR = GAIN OF LOW NOISE AMPLIFIER
FR = NOISE FIGURE OF AMPLIFIER
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KEY TO INCREASING SENSITIVITY AND SELECTIVITY
OF RF / MICROWAVE / MM WAVE RECEIVER SYSTEMS

@ Reducing Bandwidth & Noise
@ Increasing "Q" of Circuits

PRESENT TECHNIQUES

Frequency

- Min %

Filter Type Range | Typical Q Bandwidth - IC/MMIC Compatible

RC passive 1 kHz -1 MHz Very low > 20% Good IC, poor selectivity

Lumped LC 100 kHz -1 GHz - 20-300 0.3% — 10% Limited on-chip Q

Quartz crystal 1kHz-200MHz S0 T e

?ez?:a\itc; : dielectric é (?_({)ZkHz - 40 ‘1'220050 0.05% — 3% No

SAW (surface Acoustic Wave) 30MHz-3GHz 500-5,000 0.03%-2% Not monolithic

ey i Lo 800-3,000 0.1%-3%  Notmonolithic

Resonator)

gsgi?f: emic“’smp t 5‘3?? ZMHZ “100 30-500  1%-20%  Yes; MMIC compatible

ool o e e e S

Superconducting éDHOZMHZ = :: %gg%am ;oos.gi:)‘;/; Special only

YIG (vtriom tron Gamen g‘):ZMHz e ?3?060 0.05%—1%  No— Magnetic
PROPOSED TECHNIQUES

. Negative Resistance ~ R: Tunnel Diodes, 3 Section Bandpass Filters and Quadrature Coupler

‘ Negative Resistance — R: Tunnel Diodes, 3 Section Bandpass Filters and Circulator




FILTER DESIGN USING SERIES & SHUNT RESONATORS

Q, BANDWIDTH & NOISE CONTROL
for Receiver Sensitivity with Negative Resistance

OVERVIEW

Filters are composed of resonant sections arranged in series and shunt forms. Their
performance depends on Q, bandwidth, and loss. Controlling Q improves selectivity,
reduces noise, and minimizes number of sections.

o~ A— Y Ruee—o
SERIES RESONANT SECTION A L -

Series RLC circuits determine passband behavior. Loss is represented by series resistance R.

Reactive Power
Q = ol/R = 1/0CR = Resistve Power. = f/B (B =Bandwidth, ® = 2rf)

Bandwidth = R/ (2nl) o =1/0C  w,=1ALC
Adding negative resistance: R = R — [RNEG| — reduces loss, lncreases Q, reduces bandwidth

For stability: R > Ry¢
TN EN -

SHUNT (PARALLEL) RESONANT SECTION
Parallel RLC circuits determine selectivity. Loss is represented by shunt resnstance Rp.

Reactive Power
Q=0w0, R, C=R, /(o L) = R P = f/B (B=Bandwidth, o= 2xf)

Bandwidth = 1/(2rR, C) @, C = 1o, L @, =1ALC
Adding negative resistance in parallel increases effective Rp by cancelling loss.
Ret = R, || (-Rnee ) — Effective resistance increases — Qincreases — Bandwidth decreases
RNEG

Rp -
For stablhty Ruee >R Ry = (RNpEG - Rp)

RECEIVER SENSITIVITY, NOISE, BANDWIDTH AND Q RELATIONSHIP
Sensitivity = -174 + 101log,, (B) + NF + SNR

Where:

-174 dBm/Hz = thermal noise floor at 290 K
B = bandwidth (Hz)

NF = noise figure (dB)

SNR = minimum signal-to-noise ratic (dB)

Speed of Light:

f=c/h c¢=3x10% m/s = 186,000 miles/s
For f = 1Hz, A = 186,000 miles

Thermal Noise:
N = kTB (Watts) N o« Bk = 1.38x 102 J/K (Boltzmann Constant)
Vy = V(4kTBR) Noise Voltage in Resistor
T = Absolute Temperature in Kelvin (290 K at room temperature)
10
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G =[CA|
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MATCHED

BPF - BAND PASS

FILTERS
B1=B2=B
Di=D2=D

Basic Negative Resistance (—R) Circuit
Techniques Using Tunnel Diodes
Also Called Reflection Amplifier
INPUT OuUTPUT
{ CIRCULATOR
ZA =-RN
ZA TUNNEL DIODE
L
—RN - 20 RN+Z20
—RN + 20 €2 ( "gN_z0 ) AT
2 ~RN = 44.68 Q G = 25 dB Gain
INPUT OUTPUT
O s
QUADRATURE
HYBRID
0° 90°

BPF BPF
B1 B2

ZA =—RN =-44.68 S Z D1 D2 S Z ZA =~RN =—-44.68

MATCHED TUNNEL DIODES

Assuming matched lossless circuit, matched band pass fiiters
and tunnel diodes with -R = 44.868 Ohms, gain will be 25 dB.
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Unique Circuit Using Circulator,
2-Section Bandpass Filter at 79.2 MHz
and Tunnel Diode (Grayzel Negative
Resistance Amplifier, GNRA)**

® Test results demonstrated 0.5% bandwidth was achieved
at 79.2 MHz using Tunnel Diode with —R = 44.876 Ohms
for a iwo section bandpass filter with bandwidth of

8.5% and gain of 25 dB.
2 G:;?pur
L= 53.663 nft : :
—rfw I———ﬁg{k:‘sé\l"?
R=d887605 o3 C=7528 pF Inprt
L S L=d4.128nH

_E C =978.25 pF

GNRA with ®wo-section filter resonant at 78.2 MHz.

B oM B :
9200 Mz | i

A : H ]
22142 " gamaB b aica .
- w.msn&?—;z-ﬂ?ags-—-?o.mmw: o4\ MR, O SA

Gain 178531

it

0.54000d8- . . O5FOOCB
FT.0308 Ml z_: L - EB1.8580MHz

’ > Vol LN
Staet B.070 D00 M0 GHz Ston Q590000000 “GHz
70 M e o0 Wil

GNRA meastrad results.

= References: . ' ’ '
1. "A Negaiive Resistance Amplifier wifh 0.5 Percent Bandwidih," Microwave Journat, Vol. 68 No. 5, May 2023, pp. 90-94.

2. AL Grayzel, “\fer¥ Narrowbang and Wideband Negative Resistance Amplifiers with & Tunable Center Fraguency,”
.8, Batent: US 11 863 131 B, Januery 2, 2024,
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Devices and Circuits Providing Negative Resistance

(-R)

Devices
Gunn Diodes (J.B. Gunn, 1962, IBM)
. Mostly used for oscillators
° Can be used in reflection amplifiers
. Stability issues & biasing considerations
° Heat sinking required

IMPATT Diodes (Impact lonization Avalanche Transit Time)

. Mostly used for oscillators
° Require high voltages
. Can be used in reflection amplifiers

o Stability & biasing challenges
® Heat sinking required

TRAPATT Diodes (Trapped Plasma Avalanche Triggered Transit)

® Mostly used for oscillators
° Require high voltages
) Can be used in reflection amplifiers

° Stability issues & biasing
e Heat sinking required

Tunnel Diodes (Leo Esaki, 1957; Nobel Prize 1973)
® Negative resistance region can be biased for —R operation
° Compatible with MMICs, ICs, microstrip & integrated circuits
° Small size & lightweight
® Used in space & radiation environments
° Biasing is tricky but practical
® Low noise performance
© Low power performance
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Devices and Circuits Providing Negative Resistance

(-R)

Circuits
1.0 Operational Amplifiers (Op-Amps)

2.0 Linvill Circuits (J.G. Linvill, 1953, Bell Labs)
--- Used for generating -R, ~L, -C, and -Z (impedance)

3.0 Cross Coupled Pairs
--- BJT (Bipolar Junction Transistors — silicon)
-~ HBT (Heterojunction Bipolar Transistors)
--- FET (Field Effect Transistors)
--- CMOS / NMOS (Complementary MOS)
- MESFET (Metal Semiconductor FET)
-— pHEMT (Pseudomorphic HEMT)
== InP HEMT / mHEMT (Metamorphic HEMT)
-~ HEMT (High Electron Mobility Transistor)

CROSS COVELED PR,

0P — AT LIV Sl CORCWET
CIRLNVET '
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Farward Current (mA)

84
3

{b) Forward Voitage (m\)
TD262A tunmel diode test fisiure (2) and characteristic curve (b).
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Fig..2A Tunnel Diode Test Fixture-

REFERENCE LINE
SHORTED TO DIODE
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CONNECﬂﬁﬁ‘
TAB

sz.&:zé
Tunhel Digde
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Impedance (Ohms)

TD262A Tunnel Diode
Measured Impedance

-l

A~56-Sn

1.5 2.0 2.5 3.0
Frequency (GHz)
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2.9 GHz, 3 Section Butterworth
Bandpass Filter with 10% Bandwidth

CAP CAP
PORT ID=C1 ID=C2
P=1 C .78 pF C .78 pF
=50 Ohm l l l
PORT
PLC PLC PLC p=2
ID=LC1 ——ID=LC2 ~—1D=LC3 ——  Z=50 Ohm

L=.137 L=.134  L=.137

C=21.17\ pF C=20.8 pE C=21.17 | pF
i
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@ Coupled Port
® Input Port

Reoy ¢~ 7 " Bandpass Fiter |
A A A 19 ] ] | :
") Rsu<ERour| §
| 1 oy O
; a é
b oo op e om ww D e e o WD Ew» [ |
.C..‘S
Ruov g
A A A ™) S
5
o,
T g
10%
Y TTERWORTH

Tunnel diode negative resistance amplifér schematic.

AT Grayzel and A. "Gorwara, “Very Nar-
rowband and Wideband Negative Resis-
tance Amplifiers with a Tuneable Center
Frequency Using a Coupler,” U.5. Patent

12 052 002 B2, July 3 »

$: 2209 8. Ocean Lane, Unit #2002, Floor 20, Fort Lauderdale, FL. 33316 USA
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] - (301) 639-8344 or (240) 357-3902
sh@orwgraintamatmnal com -] gshokaorwara@aol.com
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Gain (dB)

25

2.984 GHz —_ 2.906 GHz 9.9 MW,
22 dB b 2o db o6 %

15

2867 OHs L ¢ ~ . poe o £F MR
3 dB " *

-5 :
2.895 2897 2.899 2.901 2903 2.905

Frequency (GHz)

Gain versus frequency of negative resistance amplifier
with Ry, = 100 Q.
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TABLE 1

RNEG, RSER, 3 DB BW, PERCENT BW
AND DELTA AS A FUNCTION OF RSH

B R.., 3dBBW  BW
(Q) (Q) (MHz) (%)

S 4.5 | 520 | 0.110 0.004 0.860
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Device & Circuit Selection for Negative Resistance (—R) in Filters

Four Devices & Their Frequency Range

Device Frequency How R is Generated Noise Added
Range
TUNNEL DCto Quantum tunnelling at near-zero bias | Flicker: negligible
DIODE ~100 GHz produces ~R directly, — ideal for DC & low freq.
{RTD — Resonant | No transistor circuit needed. Shot: reduced in ~R region.
Tunnel Diode Conventional Esaki: DC-4 GHz. Thermal: reduced in ~R region.
reported) RTD (Resonant Tunnel Diode):
extends R to mm-wave.
BJT PC to ~2 GHz Two BJTs — each collector drives the | Flicker: high
CROSS- {(Si) opposite base. {corner ~100 MHz, Si).
COUPLED i Positive feedback regenerates energy | Shot: dominant, unavoidable.
PAIR - -R. Thermal: from base resistance rp.
Requires significant DC bias current.
HBT DC to ~40 GHz Same collector-to-opposite-base Flicker: present
CROSS- (SiGe) topology as BJT. (comer ~1-10 MHz).
COUPLED DC to ~80 GHz Heterojunction raises fT and reduces | Shot: present, reduced vs. BJT.
PAIR (inP) base current, Thermal: from base resistance Ib;
lowering noise vs. BJT. lower than BJT.
FET DC to ~40 GHz Each drain drives the opposite gate — | Flicker: low
CROSS- {GaAs) positive feedback — —R. {comer ~1-10 MHz).
COUPLED DC to ~94 GHz+ Current flows through a channel. Shot: ABSENT — no junction.
PAIR (InP reported) No junction barrier is crossed. Thermal: channel noise only
{GaAs/inP {dominant above 1 GHz).
HEMT)
Three Basic Noise Types

Noise Type Origin

Flicker
(1)

Surface traps &
defect states

Which Devices — What Is Reported

Tunnel Diode: negligible — primary reason chosen for DC &
low-frequency use.

BJT: highest of all — corner up to ~100 MHz (Si).

HBT: present, corner ~1-10 MHz — lower than BJT.

FET: lowest — corner ~1-10 MHz; best transistor for low-frequency noise.

Shot Current crossing

a junction barrier

Tunnel Diode: reduced in —R region — negative dynamic conduciance
lowers noise current below forward-bias levels.

BJT: dominant and unavoidable at all frequencies.

HBT: present but reduced versus BJT.

FET: ABSENT — current flows in channel; no junction barrier is crossed.

Resistive elements
& FET dxannei

Thermal
(Johnson)

Tunnel Diode: reduced in —R region — effective noise resistance
decreases in negative conductance.

BJT / HBT: from base resistance rp (chmic base region) ~— significant
contributor. o
FET: channel thermal noise dominant above ~1 GHz — well characterised

and prediciable.

Data based on published research and reported industry achievements. 1 kHz to 100 GHz coverage. Device choice directly determines

noise added to the signal path. 29




Benefits of Using Negative~—
Resistance (Esaki & RTD Resonant

Tunnel Diodes) in Filters

Narrower effective bandwidth — higher selectivity
Lower noise floor — improved receiver sensitivity
Potential replacement or enhancement to:

® SAW /BAW filters

® High-Q cavity filters

® DSP-based filtering stages

® Multi-section filters
Longer detection range (radar / EW)
Better signal-to-noise in congested spectrum
Reduced power consumption
Smaller / lighter hardware (vs. cavity filters)
3 to 10 times improvement in selectivity
Eliminates need for high-Q passive filters
Scalable from MHz to mmWave
Compatible for integration with MMICs

Tunable architectures possible
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CONCLUSIONS

A unique circuit has shown that a 25 dB low noise reflective
amplifier is achieved by matched —56.5 ohm tunnel diodes and
3 dB quadrature hybrid at 2.9 GHz.

This circuit has a bandpass (BPF) 3 section filter at 2.9 GHz
with bandwidth of 0.004% with RSH of 5 ohms shunt resistor
across input terminals of filter, and 0.76% with RSH of 100
ohms.

There is no need for multi-section filters to achieve ultra narrow
band filters. Just 3 sections are sufficient.

By varying series RSER resistor and controlling RSH across
input with tunnel diode termination, high Q performance can
be achieved in simple 3 section filters for various %
bandwidths at 2.9 GHz.

Theoretically using tunnel diode for negative resistance and
similar BPF filters & quadrature couplers in octave or
multi-octave bands can be applied at other frequencies in the
1 kHz—100 GHz spectrum to achieve 1% to 0.004%
bandwidths.

These circuits can be very small and lightweight and suitable
for integration with ICs, MICs, and MMIC circuits.
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