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Introduction

* Inductors produce peaking, thereby giving
bandwidth extension.

e T-coil (Tee-Coil) produces even more bandwidth
extension by giving negative inductance.

¥ N twki | ekt Dot convention
i [y G Same direction : k>0
M Opposite direction : k<0
= M = k,/L,L,

=Y Tcg k| <1
lk| = 1 when inductors share all of
their magnetic flux.
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Introduction

* Introduced by Ginzton in 1948 as part of distributed
amplifier.

[0] Ginzton, Proc IRE, 1948
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T-Coll

« Common Source Amplifier

Without T-Coil,
Vout oy _ 1
in (S) N ngD 1 <+ SRDCL
f3ap = 1/2mRpC;
With T-Coll,
Vout Q2S2+(215+1
——(8) =—gmR
in (8) ==gmKbp bis*+b3s®+bys?+b1s+1
where
GEZ(L1+L2+2M)CB

ar = (L2+M)/Rp

bs= CpgCr(L1 L2 — M?)

bz = CpCrRp(L1+ L2+ 2M)
b =Cp(Li+L2+2M)+ CrL>
b, = RpC(;.

[1] B. Razavi, ISSC Magazine, 2015
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Symmetric T-Coll

« When two zeros in the numerator are cancelled by two of the four
poles in the denominator, the second-order transfer function is

obtained.

ﬂ)n
+ 2l wns + @i

Vout (S)

mRD 2

 Given Ryand C, what are Cg, L, and M, assuming L, =L,=L
(symmetric T-Coil)?

bywy = a,
bsw2 = a,2Cw, + a,
b,w? = a,w? + a;2Cw, + 1

biw2 = a w2 + 2Lwy,

« Four equations must be satisfied with five variables (Cg, L, M,
¢, wy,). Out of numerous solutions, what is the best transfer
function that maximizes the bandwidth?

© 2020 DK Jeong
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Symmetric T-Coll

« Let k=M/L and simplify 4 equations.

C, 11k _RICL () 4
C. 41tk L= (1 4c7)
2_
LCL:w_ZCB k:4gz 1
1+k RS :> 47°+1
) 2 _ G

“ = (1-k)LC, Cs 16,7

‘- RoC, —(1+ k)L/RD L 162
J2(1-k)LC, " RIC!

* Then, determine ¢ that maximizes the bw.

[1] B. Razavi, ISSC Magazine, 2015
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Symmetric T-Coll

« With the following 2nd order transfer function,

2
_Yout — Wn
Vin &) =7 gmRo-57 2Cwns + w3

+ 3-dB BW with T-Coil is _

Oy 1 -cot =| 124 "‘\/(1_ 252)2 +1 |,

i 2, |16¢7
=_1—2§2+\/(1—242) +1_@
which is maximized when ¢=,2 /2.
* Then 5 1
Dy T_coil = O =22
BW T —Caoil RDCL
= 2.828w, 5

[1] B. Razavi, ISSC Magazine, 2015
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Symmetric T-Coll

* The maximum bandwidth solution is

L_3

= gRIZJCL;M = %L; Cp = %CL, wy=2V2IRpCy

which extends the bandwidth by 2.828.

BWER=2.828
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Features of Symmetric T-Coll

 What are its input impedances Z,, and Z;,?

Under the maximum bandwidth
condition,

Zini = Rp

Zin2 = X
T-Coil is transparent.
C, is not seen.

Can be used for return loss (RL)
minimization.
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Features of Symmetric T-Coll

« What is the transfer function to the resistor node?

 Under the maximum bandwidth

condition,

Ve s? — 2Cw,s + w3
_(S) — _ngD 2 2
Vi s% + 2Cwy, s + wy

» All-pass function with infinite
bandwidth!

 Extra phase delay could be a
problem.

2Cw,w
A@(w) = —2 arctan| ZC L >
w5 — W
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Asymmetric T-Coll

* With one less constraint (L,#L,), more freedom for
design is utilized to extend the bandwidth at the cost
of higher design complexity.

 Given Ry and C_, what are Cg, L, L,, and M?

bywi = a;
bsw2 = a,2Cw, + a,
b,w? = a,w: + a;2Cw,, + 1

biw2 = ayw? + 2Lw,

 Four equations must be satisfied with five variables
(Cg, Ly, Ly, M, w,,, and & = 2/+/2). Out of numerous
solutions, what is the best transfer function that
maximizes the bandwidth, w3gp 7-coir?
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Asymmetric T-Coll

 No closed-form analytical solution was found.

* So, first assume L,=L, L,=bL, M= mL, with constraint
of the coupling coefficient

m

k= Ty
JLiL, b

[3] S.C.D.Roy, IETE Journal of Research, 2016
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Asymmetric T-Coll

 b=1 (Symmetric T-Coil)
+  b=1, m=0.333 (k=0.333), L = 0.375R3C,, Cg = 0.125C;, w,= 2.828/R(;
* b<1, what are m(k), L, Cg, w,,? (Uusing Mathematica)

b=1.0, m= 0.333 (k=0.333), L = 0.375R%C,, Cpz = 0.1250C;, w,= 2.828/RC,
b=0.9, m= 0.378 (k=0.398), L = 0.406R%C,, Cp = 0.1074C,, w,= 2.939/R,C;
b=0.8, m=0.412 (k=0.460), L = 0.444R%C,, Cx = 0.0916C;, w,,= 3.062/R,C,
b=0.7, m= 0.436 (k=0.521), L = 0.492R%C,, C5 = 0.0772C;, w,,= 3.202/RC,
b=0.6, m= 0.449 (k=0.580), L = 0.553R%C,, Cy = 0.0639C;, w,,= 3.367/R,C,
b=0.5, m= 0.451 (k=0.638), L = 0.635R%C,, Cp = 0.0514C;, w,= 3.572/R)C;
b=0.4, m= 0.440 (k=0.696), L = 0.751R%C,, Cz = 0.0396C,, w,= 3.838/R,C,
b=0.3, m=0.414 (k=0.756), L = 0.931R%C,, Cy = 0.0284C,, w,= 4.215/R;C,
b=0.2, m= 0.366 (k=0.818), L = 1.250R%C,, Cy = 0.0178C;, w,,= 4.828/RC;
b=0.1, m= 0.280 (k=0.886), L = 2.028R%C,, C5 = 0.0078C,, w,,= 6.176/R,C;
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Practical Implementation

« Coupling coefficient of greater than 0.7 is not
practical with on-chip spiral inductor.

* S0, b=0.4, m=0.440 (k=0.696), L = 0.751R%5C,, Cg =
0.0396C;, w,,= 3.838/RpC; is the practical limit.

Bandwidth Extension

Coupling Coeff

= Rkl g = [N ©D0
e

0.0 0.2 d.4 0.8 0.8 1.0

Inductance ratic
[3] S.C.D.Roy, IETE Journal of Research, 2016
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Output at Resistor Load

© 2020 DK Jeong

With asymmetric T-coil and ¢ =
2/V2,

1) transfer function to Ry?

Vp
—(s) =7
Vin

2) Iimpedance seen from either
side of the T-Coil?

Zin1= ?

Zin2= ?
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T-Colil Design Flow

« Design flow
— For given C, and R, determine L,, L,, k, and Cg.
— Design T-coil in a 3-D EM tool and extract S-parameter or circuit model.
— Perform circuit simulation including parasitic resistance and capacitance.

 Parasitic RC

— If using top metal, a 100 pH of inductor has series resistance of 5 ~ 10 Q.
— Natural bridge capacitance is known to be 10 ~ 30 fF.

« Realistic limitation
— k can’t be over +0.7 in the chip.
— Self-resonance limits large k and L.

© 2020 DK Jeong Topics in IC Design
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Eye Diagram Optimization

« Maximally Flat Gain (¢ = 1/N2) vs Maximally Flat Phase Delay (¢ = 1)

300 1500 (a) Max. Bandwidth (L=1.0n) (b} Min. group delay var. (L=0.8n) () Min. phase delay var. (L=0.2n)
——BW (MHz) —8—APD (ps) = — e

— 240 —ar— AGD (ps) -a= Jitter (ps) 200 by ~ =

N g

5 Pa”a : :

= 180 . - 900 £ :

= = [

] 5 zi

2 120 'w 600 5 2

5 & 1

m e @ i . [ ]
60 - 300 "o

."‘“-._.._ - e __,-"", F 4I.BQ|IDE 4 06ps
- : &/ P2P Jitter P2P Jitter
0 0 v

0 100 200 300 400 500 60O
Inductance [nH]

50ps

« Minimum Jitter Condition: Minimum phase delay variation

[4] W Bae, TVLSI, 2017
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Asymmetric T-Coil Simulation

C_=200fF, R;=50Q  {=1/V2,k=0.45 Two T-coils : |
(BW = 15.92 GHz) L =219 pH, b = 0.815 1. Maximally flat gain @ k = 0.45
Cg = 18.74 fF 2. Maximally flat phase delay

around 1. (L =200 pH)

Gain: |
No T-coil ;
T-coil'l . n=3.04 as ei‘pe\cted
T-coil 2 5 4

o,

so[phd]:J MM
|-=:j;----:|| NJA,
glphd]:fMma

Phase delay:
No T-coil
T-coil 1
T-coil 2

HERTZiHz] {kog)
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Asymmetric T-Coil Simulation

C_=200fF, R;=50Q  {=1/V2,k=0.45 Two T-coils : |
(BW = 15.92 GHz) L =219 pH, b = 0.815 1. Maximally flat gain @ k = 0.45
Cg = 18.74 fF 2. Maximally flat phase delay

around 1. (L =200 pH)

No T-coil T-coil 1 T-coil 2
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Return Loss Reduction

* Minimize Return Loss at TX driver and RX receiver.

Rail Clamp

Channel 4—:

« Effect of Large ESD Capacitance is removed.

[5] M.Kossel, JSSC, 2008
[6] M.S.Keel, EOS/ESD, 2015
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TX Optimization

i o C, | 200fF
i C, | 50fF
C. | 100 fF
: R.Z, | 500

No T-coil k=0.5L=200pH, b=0.3 k=-0.25,L=250pH,b=0.4
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Example: ESD Diode Isolation

SST driver with shared resistor

N I T-coil / \
—Dodl 7 g

—Do—l ICD | ‘ |
C c C um
= ;[ ™ I = I we Measured T-coil inductance

¢ R; isolates C, from pad ol [ Totalinductance |
e T-coil ESR is absorbed in R;

N
\ TX Driver

Zieo 3
e Rrand T-coil ESR provides additional | £~
ESD protection g, " Liow = 750pH
e Impedance tuning by pre-driver setting| :;;é’f;;éﬁf“z
-> Single stack = No memory effect it Compact 35x45um? single T-coil
OO S e b | : 16
0 5 10 15 20 25 30 35 40 45 50
Frequency [Hz]
O S s Caiaacdss 3.5: A 16-10-40Gb/s Quarter-Rate NRZ/PAM4 Dual-Mode Transmitter in 14nm CMOS 1401 28

[7] J.Kim, ISSCC, 2015
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Example: ESD Separation

Voltage (mV)

Voo Voo

# DN
1o -
Pad ]

25 ow

High-
Speed
Circuits

High-
Speed
Circuits

Power-Rail ESD
Clamp Circuit
Power-Rail ESD
Clamp Circuit

ZS Des
M

Vss
200 200
150 ~ 150
>
T-Coil with £ P d
100 -Coil Py ropose
Dual Diodes g 100 Design A
©
50 = 50
0 . 0 ] :
0 10 20 30 40 50 0 10 20 30 40 50

Time (ps) Time (ps)

[8] C.Y.Lin, IEEE Transactions on Electron Devices. 2013
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Example: Double T-Coll

Quty 0
Coil #1 Coil#1
// : : s Resistor ZAAA ’I g 7
iz | o |z ;
B o
| Driver =}
L
|_
_ ‘ -6 — With Coils
Coil #1 Coil #2 —Without Coils
0 o o 0 e o
f-fozs\——rw BT ——) -9
T CLOAD = CDRNER = CESD = CBUMP 0 10 20 30
- = - - Frequency [GHz]
0
« 200V MM /500V CDM, >>2kV HBM ESDs
)
* Driver capacitance is comparable with ESD %-10
capacitance S
) ) E -20 ——With Coils
* Double T-coil network enhances bandwidth & ——Without Cols
by 1.5 and improves impedance matching at "
high frequency 0 10 20 30
Frequency [GHZz]
ﬁltze'::]:.tligﬁfl Solid-State Circuits Conference 6.4: A 64Ghb/s PAM-4 Transmitter with 4-Tap FFE and 2. 26pJ'b Energy Efficiency in 28nm CMOS FDSOI 11 of 28
[9] G.Steffan, ISSCC, 2017
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Example: n Coil with 4 ports

e

N AT b
-4 e
Yool

Fuquonc'y" (GHz) ancyl;l(cm)
(8) (b)

a

D N A B DO W
- ——

Group delay (ps)

TXP > TXN

- &
7™ iwm IR J 06

Time (ns)

N
[10] J Kim, JSSC, 2019
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