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A/ SoA on negative group delay (NGD) circuits
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A/ SOA on NGD circuits ‘

inpu 3dB guadrature autput
port directional coupler port
A In the early 1990s, the NGD effect was demonstrated in ¢ *
electronics engineering ...
. . . . . . . zU‘
d Theoretical and experimental investigations in the field of , H——'T‘ tunng o e
. . . . . TR +ifY warQoior VH -
RF and microwave engineering confirmed that certain LIz diodes N
passive and active circuit topologies are susceptible to AR bond wire E
generate the NGD phenomenon!2 § Messtor | P octes e "
. o ey . . oy OC blecking
A Based on the GD analytical definition, this counterintuitive —L_ copaciters  ed— =
physical phenomenon occurs when the linear circuit or R
media structure differential phase presents a positive slope fuctances
i i 1,2 ‘ NE 800000
in function of the frequency! cold - FCTs"
I'S. Lucyszyn, I. D. Robertson and A. H. Aghvami, “Negative Group Delay  rer bond wire
Synthesiser,” Electron. Lett., Vol. 29, 1993, pp. 798-800 &ate bas inductances 6 8kn
2 S. Lucyszyn and I. D. Robertson, “Analog Reflection Topology Building
Blocks for Adaptive Microwave Signal Processing Applications,” IEEE ®
Trans. MTT, Vol. MTT-43, No. 3, Mar. 1995, pp. 601-611 gute bias
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A/ SoA on NGD circuits ‘

[ In 2000s, more interests on NGD study was developed
by using the TL and passive/active RF/microwave
circuit theories

d The NGD electrical equivalent circuit!s1617  waqas
established in function of the split ring resonator (SRR)
physical and geometrical parameters by considering
the transmittance

d The NGD distributed equivalent circuit!®1617 was
C,=5pF established from physical dimension reduction 3-D-to-
2-D and 2-D-to-1-D

Q The equivalent NGD circuit constituted by classical R,
000 | L and C component elements was obtained from 1-

R,= +A_N- 1+ 15,16,17

Z,=150 Q % i nH D-to-0-D franspositions

-

50. F. Siddiqui, et al, IEEE T-AP, Vol. 51, No. 10, pp. 2619-2625, Oct. 2003
16 G. V. Eleftheriades, et al, IEEE MWCL, Vol. 13, No. 2, Feb. 2003
I70. F. Siddiqui, et al, IEEE T-MTT, Vol. 52, No. 5, May, 2004
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A/ SOA on NGD circuits ‘

d Theoretical and
experimental studies 6 £
confirm the NGD effect ’] 5 |
at RF and microwave n *1
frequencies S o) ; 1
A But, the periodical SRR- % é_l I;
based structures operate & i’”‘-z
with  more than 20 dB & 5
attenuation in order to N
generate significant NGD PO | G A B U . o . . o
values 05 10 15 20 25 30 35 10 1.2 1.4 1.6 1.8 2.0
Frequency (GHz) Frequency (GHz)

O Therefore, research works

were made on fhe 150. F. Siddiqui, et al, IEEE T-AP, Vol. 51, No. 10, pp. 2619-2625, Oct. 2003
development of low

attenuation loss NGD
circuits
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A/ SOA on NGD circuits ‘

O The meaning and interpretation of NGD ‘“‘g”;ﬁ;:g?;' Osciloscops
effect remain an open question to SI/EMC
design and test engineers

O To highlight the meaning of negative time Ch, Ch,
(<0), some  experimentations23  were P @
experimented at NUIST in early 2020s Vi)l 1 (Delay 1) vi(1) vo(1)

Q... Some demos of t<0 for reducing or Hm LS J
canceling out the propagation delay L onmeeeee——— | N CD
(cable(8 m)+NGD) < Delay(cable(1 m)) TL,(Delay 1,>T)

'F. Wan, T. Gu, B. Ravelo, B. Li, J. Cheng, Q. Yuan and J. Ge, “NGD Theory of a Four-Port RC-Network Feedback Operational
Amplifier,” IEEE Access, Vol. 7, No. 1, Dec. 2019

2 F. Wan, X. Miao, B. Ravelo, Q. Yuan, J. Cheng, Q. Ji, and J. Ge, “Design of Multi-Scale NGD Circuit for Sensors Signal Time-Delay
Cancellation,” IEEE Sensors Journal, Vol. 19, No. 19, Oct. 2019

3 F. Wan, J. Wang, B. Ravelo, J. Ge, and B. Li, “Time-Domain Experimentation of NGD Active RC-Network Cell”, IEEE Trans. CAS II:
Express Briefs, Vol. 66, No. 4, Apr. 2019

21éme Colloque International &

Sl e H. Du, F. Wan, M. Guerin, F. Haddad, W. Rahajandraibe, G. Fontagalland & B. Ravelo,
e e T == L “Microstrip structure resonance NGD-equalization,” Proc. of 21eme Colloque
iR i vl International & Exposition surla CEM (CEM 2023), 13-15 June 2023,
THe oL Toulouse, France, pp. 1-5

J&u’ﬁﬂ T ﬁij."@"m 3

SRl
i =0 M ]
o T %o




A/ SOA on NGD circuits ‘

dRecent wonderful NGD experimentations!23

¥ Observation of t<0 Fower Signall
¥ Delay(cable(8 m)+NGD) < Delay(cable(1 m)) SURPHY Generator

< 40 Vout 7a
=
% 20— == Voutw_:m /7 \\

5

> ) W\ bﬂ \bz y;/;""\ =

¥

-

3.5 4 4.5 5
Time (ps)

'F. Wan, T. Gu, B. Ravelo, B. Li, J. Cheng, Q. Yuan & J. Ge, “Negative Group Delay Theory of a Four-Port RC-Network Feedback
Operational Amplifier,” IEEE Access, Vol. 7, No. 1, Dec. 2019

2 F. Wan, X. Miao, B. Ravelo, Q. Yuan, J. Cheng, Q. Ji & J. Ge, “Design of Multi-Scale Negative Group Delay Circuit for Sensors
Signal Time-Delay Cancellation,” IEEE Sensors Journal, Vol. 19, No. 19, Oct. 2019

3 F. Wan, J. Wang, B. Ravelo, J. Ge & B. Li, “Time-Domain Experimentation of NGD Active RC-Network Cell”, IEEE Trans. CAS II:
Express Briefs, Vol. 66, No. 4, Apr. 2019
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B/ NGD ideal specifications and design method
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B/ NGD ideal specifications & design method ‘

d An NGD design is necessary to democratize
further the topic to all electronic design,
fabrication, test and commerical engineers

|
-
o

d Elementary topologies of NGD cells were
identified in function of the GD diagram and
the NGD frequency band positionning

Group delay
T

d By the analogy with the filter theory, the
classes of NGD functions were initiated:
& Low-pass (LP) NGD function
& High-pass (HP) NGD function

> Bandpass (BP) NGD function 'B. Ravelo, “Methodology of elementary negative group
N S’rop—bond (SB) NGD function delay active topologies identification,” IET Circuits

) Devices Syst., May 2013
® All-pass (AP) NGD function 2 B. Ravelo, “Similitude between the NGD function and

filter gain behaviours,” Int. J. Circ. Theor. Appl., Oct. 2014

a
o
L

Angular frequency
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B/ NGD ideal specifications & design method ‘

Characteristics Normal Filter NGD Function
Transfer function gain Transfer function group delay

Basic specifications

Root of the equation _
Root of the equation r(w,)=0

Cutoff frequencies @, Sy, (jo, )| =15 ( jm)‘ﬂm / J2
B _ r(w)=0
B. Ravelo, “On the low- | Bandwidth Sh (Jor. ) = Szl(fﬁ’)‘max/ﬁ
pass, high-pass,
Low-pass with bandwidth defined by
bandpass and stop-band
D<@,
NGD RF passive circuits, High-pass with bandwidth defined by In the bandwidth. we have
URSIRadio Science | 4 o In the bandwidth. we have

: (@) <0 and |S,;(jo)| should
Bullefin, Vol. 2017, No. | Bandpass with bandwidth defined by S5 (jo )‘ > ‘Sﬂ {jm)‘ /ﬁ be as flat as possible.

363, Dec. 2017, pp. 10-27 o <o<o,.
Stop-band with bandwidth defined

by w=wm. and @ = O
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Q The NGD specifications are defined from magnitude( v, [S(jw)]lsl o) S0
and GD diagrams | 2(j0)  $,(jo)

S,(j@)  §,(J Cﬂ)}

Q BP-NGD circuit specifications:

v' NGD center frequency: f, |
v'NGD value: t =GD(f,)<0 |
v Insertion 10ss: | s,;(f,) | fg _____ : | :
v Reflection losses: |s11(fo) |, |Sq(fy) | . oA
v'NGD bandwidth: Af=f, - f, or— ; —
A BP-NGD NGD figure of merit (FOM) for passive circuits Ads | |
integrating these different parameters can be Sorap ! | :
defined by: FoMygp=t, Af (| s5(fo) |/ 151:(fo) |) D‘ i
| T
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C/ Principle of NGD equalization
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C/ Principle of NGD equalization ‘

SHow fo minimize or cancel out the undesired
EMC/EMI, SI and PI' effects in the high density as in

: : : Package-level Timi 1
the mixed circuitse ‘ o ||P°g;;s}3V|
()
A In term of SI, we can underline that propagation K A W {2
delay and distortion may induce undesirable S|
. L Ra
and they limit the HDI circuit performance as the + 1
. Vs
speed of operation data (f,,,,<1/delay) ) &
Input signal *l
v(M;;)
" Sl and EMC Zs
degraded signal N Lo _/rY,Y\_ /,;NV\_/) /e ]
Signal return
() ) e (T
Input data M. M VaA N
" . Py in out bal” bl L
1010101" —»{ >0—>f — -
L' . Interconnect ' L.-R. Zheng and H. Tenhunen, “Wires as interconnects”,
gi?,r: network chap. 2, interconnect centric book, 2003
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C/ Principle of NGD equalization ‘

Characterization of EMC and EMI

perturbation VTF which causes the Vin VF’
signal distortion — '|'p > fwl‘“/\x
d The parasitic or perturbation s -

modelled by the VTF T(s)

B. Ravelo, et al., “New Technique of Inter-Chip Interconnect Effects Equalization

d The input v (t) is changed info with NGD Active Circuits,” VLSI, Chap. 20, Intech Book, Feb. 2010, pp. 409-434
OUTDUT Vp(T) B. Ravelo, et al., “"Equalization of Interconnect Propagation Delay with NGD Active
Circuits,” 11th IEEE Workshop on SPI, Genova, Italy, 13-16 May 2007, pp. 15-18

U The corresponding VTF can be B. Rovelo,fef al., “Application of NGD active circuits to reduce the 50%
. _ propagation Delay of RC-line model,” 12th IEEE Workshop on SPI, Avignon, France,

B. Ravelo, et al., “Experimental Validation of the RC-Interconnect Effect Equalization with Negative Group Delay
Active Circuit in Planar Hybrid Technology,” 13th IEEE Workshop on SPI, Strasbourg, France, 12-15 May 2009, pp. 1-4
B. Ravelo & Y. Liu, “Microwave/Digital Signal Correction with Integrable NGD Circuits,” Proc. of 2012 IEEE IMS,
Montréal, QC, Canada, 17-22 June 2012, pp. 1-3

B. Ravelo & J. Ben Had] Slama, “Equalization of Digital/Mixed-Signal Disturbances with an Negative Group Delay
Circuit,” Proc. of 16th IEEE MELECON 2012, Tunisia, 25-28 Mar. 2012, pp. 844-847

B. Ravelo, “Recovery of Microwave-Digital Signal Integrity with NGD Circuits,” Photonics and Optoelectronics (P&O),
Vol. 2, No. 1, Jan. 2013, pp. 8-16
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C/ Principle of NGD equalization ‘

d To obtain the equalization, we need to generate an output like the input
d It means that we can assume: v (T)=vi, () =2 Vot (S)=Vin(S) =2 Vgui(s)/Vin(s) =1
O As analytical solution, you need a function T(s) which verify: T (s)xT(s)=1

A The unique solution is a LP-NGD function

“ Vin
S ’ Tp ’ Tequ ulizer=Tn

B. Ravelo, et al., “New Technique of Inter-Chip Interconnect Effects Equalization with NGD Active Circuits,” VLSI, Chap. 20, Intech
Book, Feb. 2010, pp. 409-434

B. Ravelo, et al., “Equalization of Interconnect Propagation Delay with NGD Active Circuits,” 11th IEEE Workshop on SPI, Genova,

Italy, 13-16 May 2007, pp. 15-18

B. Ravelo, et al., “Application of NGD active circuits to reduce the 50% propagation Delay of RC-line model,” 12th IEEE Workshop
on SPI, Avignon, France, 12-15 May 2008, pp. 1-4

B. Ravelo, et al., “Experimental Validation of the RC-Interconnect Effect Equalization with Negative Group Delay Active Circuit in
Planar Hybrid Technology,” 13th IEEE Workshop on SPI, Strasbourg, France, 12-15 May 2009, pp. 1-4

B. Ravelo, “Recovery of Microwave-Digital Signal Integrity with NGD Circuits”, Photonics and Optoelectronics (P&O), Vol. 2, No. 1,
Jan. 2013, pp. 8-16
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Vi, . @ Respnqnf @ . Voot . . . . ‘
creut | 7 C/ Principle of NGD equalization

d S-parameter (SP) Laplace symbolic model with

Vi reference impedance R;=50 Q:

[SH(S)]=[S11(5) S12(s): So1(8) Spafs)]

A For the fime-domain analysis, we can assume the TF
model which can be updated if we want to
consider §,;:

TF(S):SQ1 (S):vou’r(s)/vin(s)

O And the GD model:

GD(f)=-aarg[TF(jf)]/(2mof)

d Due to EMC/EMI resonance = The signal integrity (Sl)
highlighted by fransient response v, can be
degraded compared to vin

d We are looking for an analytic and design solution to
deal on it

Signal

Signal

Signal

Time

e i H. Du, F. Wan, M. Guerin, F. Haddad, W. Rahajandraibe, G. Fontagalland & B. Ravelo,
= . = — S “Microstrip structure resonance NGD-equalization,” Proc. of 21eme Colloque
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C/ Principle of NGD equalization

Q In the frequency domain, the magnitude behavior

can be characterized by A; =S,;,4s(f) So1rdB (@)
Q... Similarity with the GD behavior characterized by A
_ fr
Jrr_CBDr(]‘:r)

0 : > f

d Such a behavior can be modelled by RLC, tank Agpl------------ f
network characterized by:
v Optimal frequency: f=1/[2mV(L,C,)]
v’ Peak: A=2R,/(Ry+2R,)

v GD: t=2R,R.C./(Ry*2R )>0

GD, (b)
QThe following  synthesis . | N
equations can be Q Q O
demonstrated : |
v R=RA/[2(1-A)] Or||Lf|7C @
v C=(0.5/Ry+1/R ), 5 | ;
v L=1/(4m2f2C) Q O 0
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Outline

D/ Discussion on PoC result showing resonance reduction

E/ Conclusion
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D/ Discussion on PoC result showing resonance reduction

A The basic concept of NGD equalization is to find an suitable circuit able to reduce the
degradation

Q Analytical solution:
i NGD equalizer
V' So1e(8)%¥So1n(S)=1 P S50, (8)=1/S51,(s) Perturbation d

d As we have | S, (if) | <1 and GD,(f,)>0, the &

5 5 L5
systemic solution should be: o T TR
v Magnitude: |S;10(1t) 1=1/1;, () | > D ER,[erHZZCrE L ®
v GD: GD, (f)=-GD,(f)<0 o o ci
O —O— L+ O

v = NGD active circuit (LNA+RLC series network) © et T

B. Ravelo, A. Perennec & M. Le Roy, “Study and Application of Microwave Active Circuits with Negative Group Delay”, Microwave
and Millimeter Wave Technologies Modern UWB antennas and equipment, Chap. 21, Intech Book, Mar. 2010, pp. 415- 439

B. Ravelo, “Recovery of Microwave-Digital Signal Integrity with NGD Circuits”, Photonics and Optfoelectronics (P&O), Vol. 2, No. 1, Jan.
2013, pp. 8-16
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dThe NGD design equations are
established from system:

v NGD center frequency:
f =1/[2mV(L,C.)] by solving the
equation f_=f,

v Magnitude @ f =f.. | S,,,(if,) | =1/A

v Or also by considering the access
matching (for example r<-10 dB) @
=t [ Snlifa) [=r

v GD value: GD(f,)=-t,

D/ Discussion on PoC result showing resonance reduction ‘

d Therefore, we have the following design
formulas:

v R=0.5(1/r-1)R,

v L=0.25(1-r)Ryt./r?

v C=r?/[m?f 2Rt (1-1)]

v LNA gain G=1/(A(1-r))

4 From the opposite GD: GD,(f,)=-GD,(f,)<0
= NGD circuit ©

B. Ravelo, A. Perennec & M. Le Roy, “Study and Application of Microwave Active Circuits with Negative Group Delay”, Microwave
and Milimeter Wave Technologies Modern UWB antennas and equipment, Chap. 21, Infech Book, Mar. 2010, pp. 415- 439
B. Ravelo, “Recovery of Microwave-Digital Signal Integrity with NGD Circuits”, Photonics and Optoelectronics (P&O), Vol. 2, No. 1, Jan.

21éme Colloque International &

2013, pp. 8-16
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D/ Discussion on PoC result showing resonance reduction

d Design rule and different steps to implement an BP-NGD equalizer:

2 Step 1: Definition of the dispersion effect (center frequency, bandwidth, peak of
magnitude)

2 Step 2: Resonance equivalent circuit modelling
2 Step 3: BP-NGD topology identification

2 Step 4: BP-NGD equalizer synthesis

2 Step 5: POC with simulations

2 Step 6: Prototyping and fabrication

S Step 7: Test and characterization

A For the present work, we propose a POC with microstrip ring resonator (MRR) to be
equalized with NGD active network composed by R, L and C lumped components
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D/ Discussion on PoC result showing resonance reduction ‘

d The POC is a MRR passive circuit constituted by a ring coupled to the access
TL and the RLC, equivalent model was determined from measured S-
parameters

4 3 cells of NGD circuits constituted by RLC,, RLC, and RLC; parallel network
were synthesized from the established design formulas

d The validation of resonance reduction was performed by SP simulation with
ADS® commercial tool from Keysight Technologies®

@ NGD
i equalizer L

MRR POC
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D/ Discussion on PoC result showing resonance reduction

dThe MRR is modelled by RLC. corresponding resonance frequency,
attenuation and delay indicated by the blue table

Qd The NGD circuit parameters as LNA gain, R, L and C,_, ,; indicated by the
green table were calculated from the synthesis formulas by optimizing the
equalization effect

EENE

MRR physical

LengthxWidth 57.34%46.2 mm Role Component Name
Substrate relative Equivalent
ore s g 3.78 .
permittivit circuit
Leng’rh Scm
Radius 14 mm
W EREH eI 8 Gap with access 0.1 mm
Imes
Resonator 1.95 GHz
measured -25.36 dB
parameter ’rr 11.9 ns
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S, (dB)

S, (dB)

S, (dB)

_____ Res eg, T Res.SIm NGD Eq. ‘
e ——— D/ Discussion on PoC result
''m | showingresonance reduction
20 fooree ------------ ------------ ------------- ____*_ ---------- ----------- - QSP simulation from f;,=1.91 GHz to f,,=1.99
_____ e D e GHz was proposed

40 | i i i | i
191 182 183 184 195 196 197 198 19 [JThe frequency domain validation of the NGD

25 | f1 fz equalization method is lllustrated by the
Res. transmission coeff. magnitudes (S,ires: So1ncD:

O Ny . | SzlEqJ
BO e w77 QThanks  to the  NGD-equalization,  the
5 5 transmission  coefficient flathess in  3-dB
; ; ; ; bandwidth [f,, f,] with f,=1.937 GHz and f,=1.965

-35 i i
191 192 193194 195 196

197198 1.99 GHz is literally improved

+ _POC | S, | Value |

5 T e N —Ea m mMax[S,;,(f,)] -25.36 dB
AS,,, 3dB

apomn A BATIER L N _ mMax([S,, (f,)] -0.5 dB
VA N NGD-MRR AS. 1 dB
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D/ Discussion on PoC result ‘
showing resonance reduction

d The resonance effect NGD-equalization
feasibility is confirmed by GD response
from SP-simulation

d The measured and modelled MRR GDs
are in very good correlation

d The GD comparison from resonator, NGD
and combined both circuits underlines
the flatness improvement notably within
the resonator 3-dB bandwidth [f,, f,]

GD flatness
| MRR__ At 7 ns
NGD-MRR At 1.6 ns
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D/ Discussion on PoC result showing resonance
reduction
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E/ Conclusion ‘

The SOA on design and experimentation of unfamiliar NGD circuits is overviewed. The BP-
NGD theory and design method are presented. The NGD application in EMC/SI
engineering for resonant circuit dispersion reduction principle is described.

An innovative feasibility study of microstrip structure resonance equalization with BP-NGD
circuit is developed. The BP-NGD parameter formulation in function of resonance
frequency, tfransmission coefficient peak and GD is infroduced. The validity of the NGD-
equalization method is verified with a POC of MRR passive circuit. The equalization result is
confirmed with frequency responses of S,, and GD flaftness.

As future work about the NGD-equalization, we are working on the development of IC
NGD equalizer to be integrated in the PCBs victim of resonance effect. Our research
group is currently developing 180-nm CMOS BP-NGD circuit to fabricate an IC-NGD
prototype fulfilling the expected performance of resonance reduction.
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