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Fifty Applications of the CMOS Inverter—Part 5

In this article, we complete our study
of the CMOS inverter’s applications.
As in previous articles, we evaluate
each circuit by designing and simu-
lating it in the slow-slow corner of
28-nm CMOS technology with a sup-
ply voltage of 0.95 V and at 75 “C.

The Three-Stage Operational
Amplifier
The ability of CMOS inverters to
operate at low supply voltages makes
them attractive for operational ampli-
fier (op amp) design. With a voltage
gain of 5-10 per inverter, we expect
that a three-stage op amp will prove
useful in many applications.
Consider the chain shown in Fig-
ure 1(a), where Ca, Cs, and Cc denote
the total capacitance at nodes A, B,
and C, respectively. Modeling each
inverter by a transconductance, Gm,
and an output resistance, Rou, We
express the circuit’s voltage gain as

A1z :_(Gml Routl)(GmZ RoutZ)(Gm3 Rout3)-

Exhibiting three poles, the cascade
is likely to suffer from a poor phase
margin (PM).
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To compensate the amplifier, we
can create a dominant pole at A by
Miller multiplication of a capacitor,
Cu [Figure 1(b)] [1]. The resulting
right-half-plane zero, @;= Gm2/Cs,
degrades the PM, necessitating the
use of Ry to move w; to infinity or
place it atop the first nondominant
pole. Miller compensation also leads
to pole splitting, raising the pole at
B from 1/(Rour2 Cg) to approximately
Gm2/Cs, i.e., by a factor of 5 to 10.

The PM can be further improved
through the use of feedforward, as
practiced in previous op amps [2]
and depicted in Figure 1(c) [1]. At high
frequencies, the main path displays
less gain and more phase shift, while
the feedforward path, Invs, domi-
nates, thus reducing the input-out-
put phase shift. Equivalently, this
path introduces a left-half-plane
zero, which can be calculated by not-
ing that both paths share the pole at
node C and

%(S)= Ai23
in (1+%A)(1+wig)(l+wic)
Ay .
1+-5-
wc

(1)

Ry Cwu
—W—

Inv,

Cs

Here, each w denotes the pole corre-
sponding to a node after frequency
compensation, and A4 =—GmsRou3.
(We neglect, for now, the reduction
in Rous due to the presence of Invs.)
It follows that

A123+As ( 1+wiA)< 1+a)i3)

(liafA)<1:afB>(1:wSC>

Feedforward, in fact, creates two
zeros because the main path con-
tains three poles. Nonetheless, if
pole splitting and proper choice of
Ry have moved up ws so much that
|As| wg > 4| A123] wa, then the lower
zero due to feedforward is given by

o (9= @

— A1z
Ay

Wz FF = wa. (3)
This zero is a multiple of the domi-
nant pole, wa, and it can be posi-
tioned so as to deflect the phase
upward at frequencies below the
unity-gain bandwidth, w..

We should make two remarks.
First, because of the input capaci-
tance of Invi, the circuit incurs a
fourth pole if it is placed in a resis-
tive feedback loop. Second, the
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(a) Three inverters forming an amplifier, (b) the Miller compensation network, and (c) the use of feedforward.
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(a) Gain and (b) phase plots of compensated amplifier.

feedforward path, in fact, reduces
the overall gain as it lowers the out-
put resistance of the third stage and
hence Ai23, even though Gms con-
tributes additional gain.

In practice, two such chains can
form a pseudodifferential op amp,
improving the supply rejection and
lowering the distortion.

We design the circuit of Figure 1(a)
with (W/L)p=2(W/L)y =8 um/30 nm
while assuming a load capacitance,
Cy, of 500 fF. One chain draws 2 mW.
Plotted in Figure 2, the open-loop
frequency response reveals an wy
of approximately 27 x(30GHz), at
which the phase shift reaches —210".
The op amp would therefore be unsta-
ble in a unity-gain feedback loop. Each
inverter provides a gain of about 8.

We now select Cy=1 pF and
Rnv=600Q, arriving at the results
shown in Figure 3. We have
wu= 27 % (15GHz) with PM = 58".

The efficacy of the feedforward
path in Figure 1(c) depends on the
load capacitance. For C. =500 fF,
it negligibly changes the PM. For
C. =50 fF, on the other hand, sim-
ulations indicate an increase of
about 10" but at the cost of a 3-dB
gain reduction.

The High-Gain Transimpedance
Amplifier

We have seen in a previous article
[3] that a single inverter with resis-
tive feedback can serve as a tran-
simpedance amplifier (TIA) in an
optical receiver front end. We can
extend the concept to a cascade
of three inverters (Figure 4), seek-
ing a higher value for Rr so as to
increase the gain and decrease its
noise contribution. In contrast to
the three-stage op amp studied in
the previous section, the large pho-
todiode capacitance, Cpp, creates

10

A three-stage TIA.

a dominant pole at the input here.
We then place the compensation
network around Invi, moving this
pole to a lower frequency and rais-
ing wa. The poles at A and B remain
unchanged and ultimately limit the
achievable bandwidth.

We simulate the circuit of Figure 4
with (W/L)p=2(W/L)n=8 pm/30 nm,
Crp =200 fF, Rr=2 kQ, Cu=1 pF,
and Ry =200Q. The closed-loop
response shown in Figure 5(a) indi-
cates a 3-dB bandwidth of 16 GHz.
To obtain the input-referred noise
current, we plot the output noise
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voltage spectrum in Figure 5(b), inte-
grate it up to 100 GHz, divide it by
the low-frequency gain and the 3-dB
bandwidth, and take the square root
of the result. We obtain 35 pA/+Hz .
According to simulations, 70% of
this noise arises from Rr at low
frequencies. The peak at 11 GHz
stems from Ry as Cy presents a low
impedance at this frequency. The
TIA consumes 2 mW.

The Duty-Cycle Distortion Circuit

High-speed clocks and LO wave-
forms experience duty-cycle distor-
tion (DCC) as they travel through

circuits and interconnects. We pre-
sented a DCC stage in [3], but it did
not include a means of measuring
the distortion. We now study an
alternative that does.

We begin with a structure whose
output rise and fall times can be
controlled, namely, a “starved” in-
verter [Figure 6(a)]. We observe
that, as Vent increases, the pull-
down branch consisting of M; and
M; becomes stronger while the
pull-up branch comprising M, and
M; becomes weaker. Displayed in
Figure 6(b), the output duty cycle
thus increases from (t—t1)/To to

(ts—t3)/To, where T, denotes the
period. The difficulty here is that
the inverter dies of starvation if
the DCC loop begins with Veont=0
or Veont = Vpp. We then add Ms and
Ms to keep the circuit alive even at
these extreme cases.

To obtain a wider DCC range,
we can cascade a number of these
stages. However, we must bear
in mind that each stage inverts,
changing a duty cycle of greater
than 50% to less and vice versa.
For proper operation, therefore, a
simple inverter must be interposed
between every two DCC stages. The
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on the duty cycle, (c) the DCC cascade, (d) a CP, and (e) the complete DCC loop. CP:
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resulting chain emerges as shown
in Figure 6(c), where Inv: and Invs;
increase the duration of the high
level at their outputs as Veon: rises.
Next, we seek an arrangement
that measures the DCC and gener-
ates Veont accordingly. Shown in
Figure 6(d) is a simple charge pump
(CP) that discharges Ci by I, for
AT seconds and charges it by ©»
for the remainder of the period. If
I = I, then Veon: is bounded only if
AT=To— AT and hence AT= Ty /2.

Figure 6(e). The reader is encouraged
to verify that the feedback is negative.

We simulate the DCC circuit with
(W/L)1 = 0.5 um/30 nm, (W/L)3=1
pm/30 nm, and (W/L)s =250 nm/
240 nm in Figure 6(a). (The PMOS
devices are twice as wide.) We also
select (W/L)p=2(W/L)yn=2 um/30
nm, [ =L =50 pA, and C; =0.5 pF
in Figure 6(d).

Plotted in Figure 7(a) are the
input and output waveforms of Fig-
ure 6(e) at 10 GHz while the former

51%. Figure 7(b) displays the settling
of the control voltage. The circuit
dissipates 1.2 mW.

The PAM4 Driver With Back
Termination

We have seen that a self-biased
inverter having a transconductance
of Gm presents an input imped-
ance of 1/Gm if channel-length
modulation is neglected. The same
holds true for its output impedance
[Figure 8(a)].

In the last step of our design, we incurs a duty cycle of 40%. We note This property proves useful in
form the DCC loop, as presented in that the output duty cycle is about high-speed driver design because of
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the need for proper “back termina-
tion.” Illustrated in Figure 8(b) [4],
the idea is to set the driver output
impedance equal to the character-
istic impedance of the transmission
line, Zo, so that reflections from the
far-end receiver are absorbed upon
returning to the Tx.

The reader may wonder about
the necessary output impedance of
the stage preceding the inverter in
Figure 8(h). If not sufficiently high,
this impedance lowers the loop
gain around the inverter, vyield-
ing Rout > 1/Gm. We thus prefer to

apply a current source to the input.
In this spirit, we can extend the idea
to four-level PAM (PAM4). As shown
in Figure 8(c) for differential signal-
ing, a 2-bit current-steering DAC
drives the input of each driver [4].
The 100-Q load models the channel.
We should remark that Voun and
Vourz in Figure 8(c) are differential
waveforms only if the input currents
toggle between positive and negative
values—rather than between a posi-
tive value and zero. That is, the DACs
must incorporate both PMOS and
NMOS current sources [Figure 8(d)].

0.4 T

Voltage (V)
=)

20

Time (ps)

PAM4 driver output eye diagram.
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>
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We simulate the circuit with
(W/L)p=2(W/L)x=16 nm/30 nm and
Rr=500Q. These values are chosen
so as to provide a 50-Q output resis-
tance. We also have Ip=0.5 mA.
Plotted in Figure 9 is the output
PAM4 waveform at 112 Gb/s. The
circuit’s speed is limited primarily
by the input time constant of the
inverters, which amounts to

= Re+ron| rorllZo -
1+ Gm(ron|lror)| Zo "

(4)

where the first fraction represents
the input resistance, and Cin is the
inverter’s input capacitance. The
driver draws 3.4 mW.

The DT Integrator

Some oversampling data converters
and analog filters incorporate DT
integrators. Shown in Figure 10(a),
such a structure periodically sam-
ples Vin on C: and transfers its
charge to C: through the virtual
ground, X. In differential implemen-
tations, the op amp output requires
common-mode (CM) feedback.

We can replace the op amp in
Figure 10(a) with an inverter [Fig-
ure 10(b)], but we must ponder
how the dc level at X should be
defined to ensure that Inv: oper-
ates in its high-gain region. In fact,
if, for example, Vin = Vpp/2 and the

G,

CK; Cc; CK;
—o Vot Vin o—oft)j—' o—Xa
CK, _T_ CK;
(b)

o
VOUt

Inv,

G

C @—A Ci_ri;
Vino l—_|__ J:__c|3 Vout -l-_| X Vout

(e)

(a) A DT integrator, (b) realization using an inverter, (c) addition of reset switch, (d) the circuit in sampling mode, and (e) the circuit

in integration mode.
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circuit begins with Vx =0, Inv, has
no ability to create a virtual ground
at this node. We therefore modify
the structure, as depicted in Figure
10(c) [5], where S3 biases Inv, prop-
erly during CKi, storing the neces-
sary voltage on Cs [Figure 10(d)].
After C, samples Vi, its right plate
is connected to X and its left plate
to ground [Figure 10(e)], delivering
its charge to C».

We simulate the circuit of Fig-
ure 10(e) with (W/L)p=2(W/L)n=
8 um/30 nm for Invy, C1 =C>=0.2 pF,
and Cs=0.1 pF (about 10 times the
input capacitance of Inv;). Figure 11
plots the output waveform at a clock
frequency of 1 GHz. The integrator
consumes 0.5 mW. In practice, we
employ two such configurations for
pseudodifferential operation.

The integrator merits two remarks.
First, the low voltage gain of invert-
ers limits the linearity of this realiza-
tion. Second, this topology yields a
“return-to-zero” output as a result of
the inverter reset operation in every
cycle. This leaves less time for the
next stage to sense the result.

The Polyphase Filter

At very high frequencies, we may
resort to polyphase filters to gen-
erate quadrature phases of a clock
or LO from differential phases.
Consider the passive realization
displayed in Figure 12(a), where a
differential input represented by
+ Vi and — Vi produces signals + Vx
and +Vy. It can be readily shown
that +Vx and +Vy bear a phase
difference of 90°, and so do —Vx

=
(0]
(o]
S
o
>
Time (ns)
The integrator output waveform.
+
+V3 ) Z
R1 Gm

(b)

and — Vy. The amplitudes are equal
if the input frequency is chosen
according to win=1/(R1Cy), at
which |Vx/Vi|=42/2. We say that
the filter incurs 3 dB of loss.

For a 90° phase shift, we can
alternatively consider an integra-
tor, e.g., an ideal G» stage driving
a capacitor [Figure 12(b)]. We have
Vout/Vin =—Gm/(C15). Let us extend
the idea to differential signals and
modify the topology of Figure 12(a)
to that shown in Figure 12(c). The
feedback resistors establish proper
biasing for the inverters. The vertical
branches appear redundant because
+Vyx= Vi and —Vy=x=—V;, but they
do create the same output impedance
for + Vy as that for + Vx. This is nec-
essary for retaining accuracy while
the circuit drives the next stage.

We simulate the circuit of Fig-
ure 12(c) at 28 GHz with (W/L)p=
2(W/L)n =2 um/30 nm, C: =10 fF,
and 5-kQ feedback resistors. The
waveforms presented in Figure 13
reveal reasonable quadrature accu-
racy but some amplitude mismatch,
which can be suppressed by apply-
ing these outputs to additional
inverters. Interestingly, +Vy and
—Vy exceed the supply rails (why?).

The Downconverter With a
Translational Virtual Ground

RF receivers often incorporate a cas-
cade consisting of a G stage, passive
mixers, and baseband low-pass TIAs
[Figure 14(a)l. Such an arrangement
offers two benefits: the voltage
swings at A and B are minimized,

(a) A passive polyphase filter, (b) a 90° phase shift circuit, and (c) a polyphase filter using inverters.
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improving the linearity, and the
mixer contributes little noise as its
output is dictated by the current
delivered by the G stage. However,
the virtual ground created by the
TIA at B and A experiences excessive
voltage excursions in the presence of
large blockers. This happens because
the TIA does not provide sufficient
loop gain at the downconverted
blocker frequency.

This issue can be alleviated as
follows. First, consider the arrange-
ment shown in Figure 14(b), where
the four mixer switches are driven
by four nonoverlapping LO phases
with a period of Tio. We observe
that Zin= R; here because, at any
given point in time, only one of the
resistors is tied to A.

Next, we add a capacitor in paral-
lel with each resistor [Figure 14(c)],
assuming R.C.> 1/(4Tio). The in-
put impedance of this N-path filter
then emerges as [6]

Zin 5)

= R, (

4[1 + jCLRi(w — w10)] *

At input frequencies close to the
LO frequency, we have Zin ~ R./4.
Thus, the hold operation offered by
C. lowers the input resistance by a
factor of 4, attenuating the blocker-
induced voltage swings.

We can now transform the base-
band networks of Figure 14(c) to TIAs
with the aid of amplifiers [6], e.g.,
inverters. Illustrated in Figure 14(d),
the result establishes an input resis-
tance of 1/Gmi in parallel with each
C,. at the blocker frequency. We
therefore have Zin =~ 1/(4Gmi).

We simulate the circuit of Fig-
ure 14(d) with (W/L)p=2(W/L)n=
2 um/30 nm, C,=8 pF, and Rr=5 kQ.
Setting the input and LO frequen-
cies to 5 GHz and 5.1 GHz, respec-
tively, we obtain the waveforms
shown in Figure 15 for the voltage
at node A with and without C;. It is
observed that C; reduces the swing
by about a factor of 3. The circuit
consumes 2 mW.

The Low-Voltage Active Mixer
Active mixers are typically realized
by differential pairs, facing trad-

eoffs among noise, linearity, conver-
sion gain, and voltage headroom. It
is possible to configure an inverter
so that it operates as an active mixer
with a low supply voltage.

Let us begin with the inverter
shown in Figure 16(a), where we
have Vpp= Vgs1 +| Ves2|. To accom-

modate a lower supply voltage, we
can capacitively couple Vin to one
of the gates, as depicted in Figure
16(b). Here, the bias current of M is
defined independently, allowing Vpp
to be less than Vgsi +| Ves2|. Next,
we incorporate mixing by switching
both M; and M. [Figure 16(c)] [7].
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(a) A typical RF receiver chain, (b) a simple current-driven downconverter, (c) the
addition of hold capacitors, and (d) the use of inverters to create a virtual ground.
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With ideal switches, the circuit’s
voltage gain now toggles between
zero (when M; and M are off) and
—(gm + gm)(ror| 02) (when they
are on).

It is preferable for mixers to
produce differential outputs even
though their input is single ended.

We therefore employ two instances
of the circuit, with one driven by
LO [Figure 16(d)]. The remaining
issue is that the output CM level
is poorly defined here. We finally
arrive at the topology shown in
Figure 16(e), where R: and R. pro-
vide CM feedback to the gates of

0.6 1 1 1 1 1 1
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The input voltage waveform of the downconverter. w/o: without; w/: with;

Caps: capacitors.
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(a) An inverter showing its supply voltage limitation, (b) capacitive coupling
to the PMOS device, (¢) the addition of switches to form a mixer, (d) modification to obtain
differential outputs, and () the addition of CM feedback.

M, and My, yielding an output CM
voltage of Vpp—|Vgs2,4|. Moreover,
we drive the sources of Mi1-M; by
inverters [7].

The mixer thus obtained can suf-
fer from a high NF due to the flicker
noise of Inv; and Invz, which modu-
lates the switching time of M;—M,.
For this reason, the two inverters
must incorporate wide transistors.
We simulate the mixer of Figure 16(e)
with (W/L)p=2(W/L)x=16 pm/30nm
for the core and the inverters. We also
have C1=500 fF and R1=R>=10 kQ.
At an LO frequency of 5 GHz, the
circuit draws 1.7 mW and exhibits
the double-sideband NF plotted
in Figure 17. The conversion gain
is 9 dB.

The Bidirectional Hybrid

High-speed links between chiplets
may allow data transfer on a single
wire in both directions. Displayed
conceptually in Figure 18(a), such
a system doubles the data rate
per wire. However, each side must
employ a “hybrid” to ensure that the
transmitted signal, e.g., Drxi1, does
not corrupt the received data, e.g.,
DRXl = DTXZ-

To develop a hybrid, we begin
with the topology shown in Fig-
ure 18(b), where the output resis-
tance of Invi, Rou, and Rr add up
to Zo, creating proper back termina-
tion. We wish to connect the receiver
input to node Asuch thatitis free from
Drx1. As illustrated in Figure 18(c),
we generate a complementary rep-
lica of Drx1 by means of Inv, and
Invs and sum the result with Dmx
at virtual ground B [8]. An appro-
priate choice of R; and Ry, in prin-
ciple, cancels Drx1 completely. It is
desirable to select R1> Zy/2 so as
to negligibly attenuate the transmit-
ted signal.

The hybrid of Figure 18(c) must
deal with incomplete cancellation
arising from the delay mismatch
between Inv, and the cascade of Inv;
and Invs. To ameliorate this issue,
we replace this cascade with a trans-
mission gate [Figure 18(c)] so that
the two paths exhibit approximately
equal delays.
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Frequency (GHz)

We simulate the hybrid at 56 Gb/s
with (W/L)p = 2(W/L)n and equal to
16 ym/30 nm for Inv: and Invs and
8 um/30 nm for the transmission gate.
We also have Rr=30Q, R =600Q,
R,»=1.4 kQ, and RrF=500Q. Fig-
ure 19(a) plots Verx with TX; in
Figure 18(a) transmitting while
TX, remains inactive. We observe
a residual signal of 20 mv,, along
with glitches due to the tim-
ing mismatch. Next, we acti-
vate TX, as well, selecting its data
edges to coincide with the middle
of the TX, data eye to represent
the worst case. The received eye
at the output of Invs is shown in
Figure 19(b).

(a) A bidirectional data transfer, (b) a simple driver, (c) the addition of a hybrid, and (d) use of a transmission gate instead of
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combination of the binary-weighted
and thermometric-weighted delay lines
can achieve relatively higher frequen-
cies while maintaining a large range
and having a minimal DNL. Yet the
problem of area is still coupled to the
lowest frequency of operation, which
results in a large area for lower fre-
quency support, with the added prob-
lem of DNL while switching between
coarse and fine sections of the delay
line. This is a result of a PVT mismatch
between the coarse section and the fine
section of the delay line.

Closing Remarks

In today’s advanced microelectronic
systems, chiplet architectures are be-
coming increasingly prevalent. Die-to-
die interfaces will continue to incur
overheads, and mitigation of these
overheads will rely on optimizing tim-
ing and synchronization circuits, like
the DLL. There continues to be research
in the area of fully synthesizable DLLs
so that the overheads associated with

using them in die-to-die interconnects
are minimized [11]. Moving to a fully
synthesizable regime can improve pro-
ductivity, decrease time to market, and
mitigate long validation cycles.
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