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T-COIL TRANSFER FUNCTION USING THE TIME AND TRANSFER
CONSTANT METHOD

The bridged T-coil (BTC) also called the T-coil circuit is often employed to extend
the bandwidth of a wideband amplifier beyond the transition frequency f r of the driver
device. The transfer function of T-coil can be derived using the extra element theorem or
the A-Y transformation. In this paper the time and transfer constant (TTC) method is used
to derive the transfer function. An inductive proof of the TTC method is given which
subsumes special cases, such as methods of zero and infinite value time constants.

Keywords: T-coil, Transfer function, time and transfer constant method, poles and
ZETO0S.

Introduction. Scaling of integrated circuit technology has continually
increased the data rates in high-speed links. One way to increase the data rates is
development of architectures that will be able to transfer information through serial
links like high-speed Ser-Des protocols VSR (Very Short Reach) and PCle
(Prereferral component interconnect express) [1]. The advancement of process
technologies, downscaling of device dimensions, lower supply voltages, increased
the operating frequency making it very difficult to compensate the channel loss [2].
The low-pass characteristics of the channels greatly affect this process. The
problem becomes more challenging as the specifications for operating the
frequency band become wider. Therefore, degraded signal recovery in high-speed
interfaces becomes a serious challenge [3]. There are many known approaches for
restoring the corrupted data. The most well-known of these uses a continuous time
linear equalizer (CTLE) [4].

Most common CTLE architectures consist of source degenerated common
source amplifiers [5] (Fig. 1).
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Fig. 1. CTLE circuit diagram and amplitude-frequency plot

In order to compensate the parasitic capacitances of the PAD, on-chip inductors
and T-coils are a feature of modern wireline systems [6]. T-coils are also used as
the load in high-speed amplifiers to enable high gain at the required frequency [7].

The T-coil circuit diagram is shown in Fig. 2. It consists of two mutually
coupled inductors and a bridge capacitor.
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Fig. 2. Circuit diagram and layout of T-coil

For simplicity, a common source stage without degeneration is presented
below Fig.3(a) with the usage of inductor(b) and T-coil(c). It is shown that T-coil
can increase 3-dB bandwidth by 2.83 times, while inductor stage improves bandwidth
by a factor of 1.8 [8].
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Fig. 3. Common-Source with (a) a resistive load (b) inductor (c)T-coil

The transfer function of common source stage with T-coil can be derived by
finding its output impedance simply multiplying the result by transconductance
(gm) of the input device.

In this paper, the transfer function of T-coil is derived by the TTC method
[9]. By the mentioned method, the transfer function to any degree of accuracy can
be determined. Section 1 introduces the TTC method. Section 2 presents the T-coil
transfer function derivation by using the TTC method.

Section 1. Today’s sensitive and high-speed integrated circuits AC analysis
help to find the transfer function of the designed circuit. But it is often necessary to
derivate the transfer function by analytical methods that can be helpful for the
circuit for design objectives. More importantly, the analytical methods do not need
to carry the analysis to its end to be able to obtain useful information about the
circuit dynamics. The transfer function in circuit design usually relates the current
or voltage at one port to the current or voltage at another port. On the other hand, if
the input, x, is the current of a current source driving a given port of the circuit,
while the output y is the voltage across the same port, the transfer function,
Z(s) = vq (s)/ iy (s) would correspond to the impedance looking at that port.

The transfer function of a linear system with lumped elements can be written by:

ag+ais+azs?++ams™
14+byS+bys2+---+bys™ ’

H(s) = (1)

where all a; and b; coefficients are real, and s represents the complex frequency [9].
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Based on the fundamental theorem of algebra, equation (1) can be factored as:

(-2)1-2)-(1-5)
(=G50 @

where pole and zero frequencies, given by p; and z; respectively, are the real or
complex conjugate pairs.

H(s) =

Knowing the coefficients of (1) as poles and zeros, we can predict circuit
dynamics. By the TTC method we can determine the transfer function of an Nth
order system to the desired level of accuracy using low frequency calculations of
port resistances and low-frequency values of the transfer functions (transfer
constants) for different combinations of shorting and opening of other elements.
The system network with N energy-storing (reactive) elements can be represented
as a system with N external ports with no frequency-dependent elements inside and
each reactive element (namely inductors and capacitors) attached to one of the
ports, as shown in Fig. 4 [9].
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Fig. 4. A system with N energy-storing (reactive) elements

In [9] research proved, generalized, and discussed the TTC method with its
several important and useful implications.

a,, and b,, we are able to determine by

— yisi<j ¢ Jj<k SN _0_i lj
b, =Y, DA S 1y 3)

where T,ij corresponds to the time constant due to the reactive element at port k and
the low frequency resistance seen at port k when ports whose indexes are in the
superscript (i, j, ... ) are infinite valued (shorted capacitors and opened inductors).

So, the time constants will have one of the following forms depending on
whether there is an inductor, or a capacitor connected to port k:

for capacitor, C;:
ke = CiRl-jk"'i )

4
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for inductor, L;:

e = (5)
l
where Rij k'"(R{’m'") is the resistance seen at port k(n) with the reactive elements at
porti,j,...(I,m,...) at their infinite values.
And the a,,, defined as:

<i<j j<k i Lj i j
am=%; "’ Zj] XN ! L HUR (6)

where H¥ is the Nth-order transfer constant evaluated with the energy storing
elements at ports i, J, ... at their infinite values (opened inductors and shorted capacitors)
and all others are zero valued (opened capacitors and shorted inductors).

Section 2. The small signal model of T-coil is shown below, where L is the
mutual inductance (Fig.5).
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Fig. 5. Circuit diagram for calculating

Because we have infinite and zero values in transfer constants, r* and r
resistors are added where r - oo and r* — 0.
The time constants are shown below:

w=Gr W=GRIN Q=L 9ol
75 = RL-ir 73 =GR (I i = RLir ol = 1;_4
T%_I;_i Tg:i_S T‘%_RLir Tg—l;z_s
7 = L74 = RLET T8 = RLiT 2 = ks
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= T = — T = T =
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The number of poles in the circuits is represented by the number of independent
reactive elements, i.e. initial conditions of capacitors and inductors that can be
defined independently. The initial condition for capacitor corresponds to voltage
and for inductor is current. The four initial conditions of T-coil (C;, Cy, Ly, Lg)
imply four poles. The number of zeros in a circuit is defined by the maximum
number of reactive elements for which setting infinite values (shorting capacitors
and open circuits for inductors) will lead to a non-zero output. The derivation of T-
coil poles and zeros defined by (3), (6) expressions are shown below:

5
=Z ‘L'lp= Tf+r8+rg+12+‘rg

=GR, (7

2r R +r

1si<j  js5
Z Z T?T} = 013 + V1) + o1l + 0k +
=1 =2
+1972 + 1972 + 1912 + 1973 + It + vl =
Ly | L o fla L
= GRIMZ+Z) + Cr (2 +2) = Ly + Ls) + Ly + Ls),  (8)
1si<j j<k kss

2 2 2 T lT,l(J =03 (2 + 2+ i) +

+rdei(® + T§3) + 17 11(154) + 1972 (t23 + 18) + 1973 (73 + o 91iedt =

= 21" C,RC, + 21" CLRC; = CLCoR(Ly + Ls), )

1<i<j j<k k<e es5

SOOI RT TS

0.1.12(.123 123 0.1 124 13,134 223234 _
—T1T2T3 (T + 75 )+‘L’1T ‘54 T5 +T1T3T4 T5 +T2T T4 Ts

= 1" CRC, 2 (224 25) + 7" CLRC, 2222 = €1Cy Ly (Ly + Ls) + C1CaLaLs . (10)
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The transfer constants for Fig.5 are shown below:

H° =R H' =R H> =0 H? = (r+ R)||r
H*=0 H®=r H2 =0 HB =r

H'* =R H'® =R H?3 =0 H2* =0

H*® =0 H¥*=r H3 =0 H* =0

5 .
ap = )., TPH = 1{H" + 19H? + 1{H3 + 1{H* + 1H> = 10H° = Ls, (11)
1<i<j j<5

a, = Z Z T?T}H” = 10t]H? + 107IH3 + t0tfH + 707l H1S +
=1 j=

+12t2H%3 + 112H?* + t212H? + 1013 H3* + 191335 + 1 012HY =

=RC (Ly + Ls), (12)
_ 1+a,s+a,s?
H(s) = 1+b;S+bys2+b3s3+byst’ (13)

Conclusion. Estimating the bandwidth and transfer function is essential in
SERDES systems. T-coils are an operational way to overcome bandwidth issues.
The Paper presents an efficient analysis of T-coil transfer function and output
impedance. The transfer function of T-coil is derived using the TTC method. Time
and transfer constants are calculated using just low frequency calculations for
various combinations of shorted and opened energy-storing components.
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Q. U. 16SNUSUL, U.4. 1NRL8UL

T-UQt4 buHRESOCH @ATLSUTL SNhLUShUSh MR CURGLNRUT
duuULUuh GY oNULSUUL ZUUSUSNRULLELE UGN,

Yudpowuyphtt T-wdl hugnilunpp, nptt witduwinid b bwb T-wdb hugnijunp, hw-
&wu oquuugnpsymu k jujtwskpn nidknugmgsh pognibwlmpmiip dksughbyne hudwp'
dhtisk hwnnpnsh wugniduyht f r hwdwjunipini: T-wdl hugnijunnph hnpuwbgdwt $niuly-
ghwl Yupnn k nnipu plpdby oguugnpstyng (pugnighs wwpptiph phnptdp jud 4-Y tinpuw-
Ytpwnudp: Upjuwunwbpnid dwdwbwlh bt hnjuwbgdwt hwunwnniuibph(d®z) dkpnnu
oquiuugnnpdynid k hnjumbigdutt $niuyghwit nnipu phplnt hwdwp: Lhpuyugqus t 3oz
Ubpnnn, npb pungpynud £ npnowljh niyptp, hisyhupt b qpoyuju b wiuwhdwb wpdtph
hwuwnwwnniibp wupnibwlnn Uninbkgnudp:

Unwbgpughll punkp” T-wdl hunnijunnp, thnpwbgdwl $niighw, dwdwmbwlh b
thnjuwigdwtt hwuwmwnnih dkpny, putnutp b qpnubp:

I''A. IETPOCSH, C.K. I'YJISIH

@®YHKIMS [TEPEJAYU T-OBPA3ZHOM KATYIIKHU C
HCIOJIb30BAHUEM METO/JA BPEMEHU U ITEPEJAYHOMN
MOCTOSIHHOM

Mocrosas T-o0pa3Has KaTymika, Takke Ha3piBaeMas T- 00pa3HOI KaTyIIKOH, 9acTo
HCIIONIB3YETCS I PACIIMPEHUs MOJIOCHI IPOITYCKaHHs IIMPOKONOJIOCHOTO YCHIIUTENS JI0
MIPEeIeNIOB YacTOTHI epexona f t apaiiBepHoro yctpoiictsa. [lepenarounas GpyHKIusS

T- oOpa3HOW KaTyIIKH MOXET OBITh IOJNydeHa C HCIIOJIb30BAaHHEM TEOPEMBI O
JOTIOTHUTENBHBIX JIeMeHTax Wi A-Y mpeoOpa3oBaHus. B maHHOW cTaThe s TOTYICHUS
repeaToYHON (PYHKIMH UCTIOIB3yETCss METO BpEMEHH M nepeaaTouHoil koncTaHTsl (BIIK).
JlaHo nHAyKTUBHOE JOoKa3arenbcTBO MeToAa BIIK, BeIeneHbl yacTHBIE Cllyyau, TaKHe Kak
METO/IbI HyJIEBBIX U OECKOHEUHBIX 3HaYEHHH ITOCTOSIHHBIX BPEMEHH.

Knrouesvie cnosa: T- obpa3Has karyuika, nepeaaToqtas GyHKIHs, METO BPEMEHH
U IIEPEJaTOYHOU ITOCTOSHHOM, IIOJIFOCHI U HYJIU.
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