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Figure 17 PMOS super source follower.

With the help of small-signal analysis, the R, of the SSF can be found as:

1 1

9m1 t Gmb1 Im2T01

IR

R, (6)

If we compare the Equation (2) and (6), we can see the output resistance is reduced
roughly by a factor of g,,,7:1. The open-circuit voltage gain of SSF is

Vout _ 9mi1To1

Ay, =

1 (")

1+ (gml + gmbl)rol + Im2T02

Comparing the gain of a source follower and SSF with equations (1) and (7), if gm2102 > 1, then
their gain is close. If the g,,»7,, term is not much bigger than 1, then SSF’s gain deviates

more from the unity gain than a source follower.

2.3 Flipped -Voltage Follower
The flipped — voltage follower (FVVF) was invented based on the source follower to
address the problem of high output impedance and signal-dependent biasing current. The FVF
from Figure 18 has an output impedance R, = 1/(gm19m2701) Which is around tens of Qs, and
high current-sinking capability, and low supply requirement Ve, + Vg2 Which is close to a

FET’s V. The M2 is used as shunt feedback to reduce the output current variation. Suppose
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CHAPTER 3. BUFFER BIASING AND SIZING STRATEGIES

3.1 Super Source Follower
As | have briefly touched upon the biasing strategies for the super source follower in
Chapter 2, I will talk about that in details in this chapter, about the sizing and biasing strategies.
The super source follower circuit in Figure 17 can be biased with a reference current source and
current mirrors as shown in Figure 24, and there’s no exact guideline about how much current
each buffer should use, the rule of thumb is to use as little current as possible, but still maintain

the expected performance.

VDD VDD

Irer

Figure 24 Super source follower with reference current biasing.

The biasing on the buffer will affect many aspects of the circuit performances, like the
input range, gain and output impedance. Depending on the application of the buffers, the bias can
be optimized towards different perspectives. For example, the buffer can be optimized towards a
wider input range, better isolation (reverse gain), better linearity, etc. Based on the MOSFET
square law models, for the buffers to have large input range, each FET should be designed in
large size, so they will take less voltage headroom which is good for widening the voltage swing

range.
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While increasing the size for the input FET, it is not only increasing the input range but

also increasing the linearity of the SSF. As we can see from the gain equation of the SSF:

Im1To1

A=
14
1+ (gml + gmbl)rol + ( )
Im2702

Increasing the M1 size means making the gm1 dominating the gain equation which in
return makes the gm2*ro2 term has less weight on the equation, which causes less nonlinearity
on the buffer because as gm1 becomes large enough, the gain “A” is becoming very close to 1.

And this linearity improvement can be seen in chapter 4 from Table 1.

Depending on the application of the buffer, not only the input range and the linearity will
be concerned, but also how well that a buffer can suppress the noise from one circuit to another.

In this case, a small signal backward gain can be derived for the SSF:

Vin(s) _ SZCgslcgsz + 5Cga19as1
Vour(s)  $2Cys2Cin + 5Cys29in + 29as19in

Aiso = (15)
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This backward gain describes how the output noise is being attenuated when it’s been

coupled to the input of the buffer with the transistor parasitic capacitors. And at high frequency,

C
the Aggckwara DECOMES 2=

— and the smaller the Ag,ciwara 1S the better. C;y is the overall
IN

capacitance from the input device, and Cg; is the parasitic capacitor from the input FET and it

relates to the size of the transistor with the equation below

2
Cgs = §WLeffCOJC + WCOV (16)

L5y is the effective channel length, C,, is the gate oxide capacitance per unit area and Cypy is the
overlap capacitance per unit width.

3.2 Flipped Voltage Follower

As it was stated in the previous section that an FVF’s input range is limited by the
threshold voltage Vtw and the V1w is directly dependent on the process technology. And as we
examine the gain equation of the FVF from the Error! Reference source not found., we find its g
ain is only dependent on the gm*ro, which is called the “intrinsic gain” of a MOSFET, and this
quantity represents the maximum voltage gain that can be achieved using a single device. In this
case, the FVF’s gain is decided by the process technology, the same as its input range. The
biasing or sizing strategies will not change the range of the input range or make the gain be more
linear, rather, they only shift the range towards either higher or lower voltage input, and this

result can be seen in the design example of the FVF.
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Figure 25 FVF with reference current.

And to find the backward gain, we write the small-signal equals at the Vout and Vx node:

At the output node:

Vx = Vour)sCqaz — Vour9mz = Vour — Vin) (gm1 + 5Cys1) (17)
At the Vy:
—VxsCys2 + Vourgmi — VIN(gml - 5ng1) — VxsCya1 = VxGass (18)

Equating the two equations together, and get the backward gain, which is:

Vin(s) N Cys2Cqaz
Vour(s)  Cgs1Cysz + Cys1Cqan

(19)

Aiso =

From the above equation, we can see to design the input FET as small as possible to make the
Agackwara 85 Small as possible to attenuate the coupled noise from the output onto the input. And
to understand this conclusion intuitively, the direct coupling between the input and the output is

C

gs1, and its impedance is 1/s5Cgs, SO the smaller the cap is, the larger the impedance is, which

means noise will be harder to pass from output to input.
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3.3 5T Buffer

VDD

Figure 26 (a) 5T buffer; (b) 5T buffer small-signal diagram.

To analyze the noise coupled from the output node onto the input node and get reduced
by the negative feedback from a large signal point of view, assume a rising voltage appeared at
the Vour in (a) of Figure 26, then there will be more current flowing into node Vx from the FET
M2 and it charges up the voltage on this node, and in saturation, V; = Vs + V;, so when the Vx is
been charged up, the Vin will be increased to Vin + Vx. Then this noise gets amplified by the
gain of M1 from Vin to Vy. When the Vv is high, it will provide less current from M4 to M2,
which in terms reduces the voltage Vourt. To optimize this negative feedback, meaning reduce
the noise area on the transient simulation, we can provide the 5T buffer with more tail current.
The effect of this can be seen later in the design example section.

To analyze the noise from the small-signal perspective as shown in (b) of Figure 26. The
small-signal diagram does not have all the parasitic capacitors shown in the diagram but only
shown the caps which contributes the most on the buffer backward gain Aiso. There are two
paths that the noise can be coupled from the output of the buffer onto the input, and they are the

upper path Vourt -> Cgds -> Vy -> Cga1 -> VN, and the lower path Vourt -> re2->Vx -> Cgs1 -> Vin.

The lower path has the impedance of 1/ +1/ - . and the upper path has 1/s(C ot Cona)
gs g g
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Because gm is usually in the range from 10 to 20 yS, and Cgs is much larger than Cgyq in fF level,

so the lower path has less impedance, which means most of the noise from the output node will
be coupled to the input node through this path. To mathematically prove it, we can write the
KCL equations for the small-signal model.

From V,yr to Vy there is a capacitance divider:

SCys2 + Imz
Vy = - v,
X SCgsZ + Im2 + SCX + Yadss our (20)
From Vy to V, is a high pass filter:
sC
Vin = (21)

"1+ 5Cys Ry Vx

Combine the above two equations together, the transfer function becomes:
Viv = V) gm1 + Vour — Vx)go2 = VxYx (22)

From the three equations above we can get the backward gain as:

Vin SCysz + Gm2 . SCys1
Vour SCgsz + Gma +SCx + gass 1+ 5Cys1Zn

Aiso =

(23)

At high frequency, the above equation can be further simplified, the first term
approximately equals to 1/Z,,; and in the second term, the g,,,», and the g5 term can be
omitted, which leaves only Cjs,/(Cys2 + Cx) in the second term, and this term is approximately

equal to 1, because Cy is the sum of Cy4s, and Cyp,5 Which are much smaller than Cy
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3.4 7T Buffer
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Figure 27 (a) 7T buffer; (b) 7T buffer small-signal diagram.

The analysis for the 7-transistor buffer is similar to the 5-transistor buffer, and because
7T buffer has higher open-loop gain, so inherently, it has better noise isolation performance than
the 5T buffer. In Figure 27 (b), there are three paths that the output noise can be coupled onto the
input node — Vout -> Cgyds -> Cydz ->Vn, Vout -> Cgs1 ->Vx-> Cgs2 ->ViN, Vour -> Cygar ->Vy->
Cgda ->Vo1-> Cga2 -> VN, and the second path is the main path since Cgs are much larger than
other parasitics, so Cgs has less impedance and easier for noises to be traveling through. The
transfer function for the 7T buffer from Vour to Vin can be found as:

Viv  Cgsa 5Cys2
Vour Cgs1+Cx 1+ 5Cys7Zs

Arso = (24)

As we can see there is a capacitive voltage divider from Vour to Vx first, and then there’s
a high-pass filter from Vx to Vin. The reverse gain optimization strategy is the same as for 5T
buffer — increase the Cx or giving more tail current to boost the open-loop gain of the op-amp

which results in faster transient response.
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3.5 Buffers Sized for Comparison

The above sizing strategies are for optimizing the individual buffers’ forward gain,
backward gain (or reverse gain), and input range. However, to compare the performance of the
buffers, other sizing and biasing strategies need to be adopted. There are many specs can be fixed
to do the performance comparison, the strategy that has been chosen in this case is making all the
buffers have the same current, and all the buffer’s input FETs are in the same size. The reasoning
for fixing all the input FETs in the same size is because as the equations showed, the backward
gain is related to the input FETS’ sizes, so if they are fixed to the same, the different of the
backward gain between different buffers are caused by topology differences.

The minimum current needed for each buffer is decided by the total current that is been
used for the 7 MOS buffer, in this case, it’s 35uA. For the FVF, M1 and M2 will have the same
current, because those two FETSs are in the same branch. For the SSF, M1 will have the most
current, about 30uA, and M2 will take S5uA current, because the larger the current is, the larger
the gm will be, and large gm1 will help to make the forward gain closer to 1. For the 5 MOS, the
35UA current will be split evenly between M1 and M2. For the 7 MOS, the second stage will

take 30uA current and the first stage will take 5uA and split equally between M1 and M2.
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CHAPTER 4. BUFFER DESIGN AND SIMULATION

4.1 SSF
Input range and linearity Optimization

The SSF in Figure 28 is being biased by a SuA current source, and the VDD is 1.5V, the

input voltage is designed with .8V as input common-mode voltage.
As it was mentioned in chapter 3, to have a wide input range the FETs should be
designed to bigger size to minimize their voltage headroom. So, in the example below, the input

FET’s size is being increased with its multiplier and the input range is also being increased as it

is shown in Figure 29.
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Figure 28 SSF cadence schematic.
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Figure 29 SSF Vin vs. Vout and Vout derivative.

Figure 29 is the simulated Vin vs. Vout and Vout’s derivative with the different sizes of
the input FET. The size was increased by changing the multiplier from 1 to 5 with fixed width
and length on the input FET, and the Vout is exported and calculated into the number of bits in
the MATLAB. To do that, the input voltage was first swept from 0 to 1.5V as shown in Figure
29, take the Vout signal and select a range that all transistors are in saturation region, in this case,
from 0.2 to 0.9V, and then using the MATLAB to calculate the INL and convert it to the Number

of Bits. (The MATLAB codes will be included in the appendix)

Table 1 FET size vs. Linearity.

Multiplier 1 2 3 4 5

# of Bits 9.68 9.85 9.99 10.07 10.11

As we can see from Table 1 FET size vs. Linearity. Table 1 that increasing the input
FET’s size can improve the buffer linearity. That is because increasing the size will increase the
gm1, and based on the small-signal gain equation, as gm1 increases, the nonlinearity due to gm2

will have less effect, so the linearity improves.



B. Isolation Optimization
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Figure 32 (a) Isolation test bench; (b) Device under test.
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The test bench for testing the buffer isolation is as shown in Figure 30 and Figure 31. The
Node of Testing (NUT) is an analog voltage node from an Op-Amp’s tail current biasing node. It
is connected to a buffer and the buffer is connected to a transmission gate and the transmission
gate is connected to a comparator. A DAC is used to generate the VREF sweep and it is been fed
into the comparator. The digital switching noise will be coming from the transmission gate’s and
comparator’s clock, as when the clock switches from VSS to VDD, the charge injection and

clock feedthrough introduces the noise on the NUT.
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Figure 33 Buffer AC performance with different input FET size.
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Figure 34 Isolation of no buffer vs. with buffer.

As we can see from Figure 34, the blue line is without a buffer used in the circuit, and the
red and pink lines are with a buffer used. There’s a big difference whether if a buffer used, as it
can reduce the glitch noise tremendously — with a reduction on the glitch noise of 95% from 40

nsV to 2nsV, which in term protects the DC biasing point of the NUT.
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Figure 35 Transient simulation of isolation vs. input FET size.

As we got the result from the design strategy section that smaller input FET size leads to
a better isolation performance, and this is shown in Figure 35. The pink line represents the buffer
with the biggest input FET size and the blue line represents the buffer with the smallest input

FET size, and it is very obvious that the smaller the size is, the smaller the glitch will be.
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4.2 FVF
A. Input range and linearity
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Figure 37 FVF size vs. Vout and Vout derivative.

Table 2 FVF linearity vs. FET size.

M=1 M=2 M=3
# of Bits 9.1 9.52 8.94

In Figure 37, buffers with input multiplier changed from 1 to 3, and their Vin vs Vout and
Vin vs. derivative Vout are plotted. From the plot, we can see the input range did not become

obviously bigger when the input FET’s size increases, it’s rather just shifted towards bigger input



32

level. And from Table 2, we can see the linearity first increases slightly with the size increases,
and then it decreased once the size is bigger. This is close to the analytical result which says
there is a limit for the linearity performance. The reason that the linearity is improving, in this
case, is that there are some assumptions and approximations used during the analysis. In the
analysis, we assumed M2 does not change the linearity performance of the buffer, but in reality,
it still does, so the discrepancy between the equation and the simulation. And what happened at

M=3 is the upper pFET went into triode region, which caused the drop of the linearity.

B. Isolation Optimization
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From the plots in Figure 38 and Figure 39 we can see that the smaller the input FET size
is, the smaller the glitch area will be, and as the plot shows, when the multiple of the input FET
size is 1, the buffer has the smallest glitch area.

4.3 5T Buffer

The strategy for improving the input range for the 5T and 7T buffer is the same as for the
op-amps, which is reducing each FET’s voltage headroom, so there will be more voltage range
left for the signal swing. For the op-amp based buffers, their closed-loop gainis A.;, =
Ao/ (1 + ApB)- The higher the open-loop gain Ay, is, the higher linearity is going to be,
because as the A, is higher, its inverse is much lower, and the feedback network £ takes more
weight in the gain equation.

The AC test bench for testing the 5-T buffer is shown in Figure 40. The square box on the
left is the circuit with the node of testing brought out and connected to the buffer. The AC small
signal is connected to a DC decoupling capacitor and injecting a test voltage at the output of the

buffer. The AC testing results are plotted in
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Figure 41 5T buffer backward gain optimization with AC simulation.
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The isolation gets improved when a capacitor with the capacitance of 10 times bigger
than the Cx used to connect the node Vx to the gate of the tail current FET. And even though, the
AC performance became worse while increasing the tail current, but as it has shown in the

transient simulation below, the isolation is actually improved.
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Figure 42 5T buffer backward gain optimization with transient simulation.

Looking at the transient plot, the reason that x2 Tail Current’s isolation goes down in the
AC simulation is that the peak of the glitch initially went up and higher than the base version, but
it settles down to the steady-state much sooner than the base version. This explains the reason for
the worse AC performance because, in the AC simulation, the reverse gain is a voltage gain, so

as shown in the transient, when the peak goes higher, the AC reverse gain is bound to be worse.



The reason that increasing the tail current can minimize the glitch is that more tail current
means higher gm value for the input pair, which means higher gain from V\n to Vv, and it makes
M4 faster to shut off the current going into the M2 and to reduce the Vour faster. And from the
transient plot we can see increasing the tail current is a better approach to reduce the glitch than

increase the node capacitance, because it results in lower voltage peak and faster settling time.

The two stages’ tail currents in the 7T buffer are biased separately so that it can be

investigated if each tail current will affect the overall isolation performance. The node of testing

35
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Figure 43 5T buffer schematic.

4.4 7T Buffer

is the same as the previous one and the testing method is also the same.
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Figure 44 7T buffer AC test bench.
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Figure 46 7T backward gain transient performance.

The AC performance of the 7-transistor buffer is shown in Figure 45. The shape of the
transfer curve resembles a capacitor voltage divider followed by a high-pass filter. As the
derived backward gain equation in Chapter 3, adding a capacitor in parallel with Cx or increasing
the tail current can improve the backward gain. The improvement is not obvious in the AC plot,
but very obvious in the transient plot. The reason for this difference is if we look at the voltage
peak compare to the settled voltage in the transient plot, the maximum voltage difference

is .3mV which is less than .035%, that is why the improvement is not obvious on the AC plot.
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But overall, the glitch area has been reduced either by adding a capacitor or increasing the tail

current.

4.5 Buffer Performance Summary

While designing all six buffers, the input FET’s size is fixed to the same for all the
buffers and the rest of the transistors are sized to be in the saturation region, and all buffers have
the same amount of current. The reason for fixing the input FETSs in the same size is because the
backward gain of the buffers is related to the input FET size, so fixing the input FET’s size can
allow us to compare the rest of other specs, such as input range, forward gain, bandwidth and etc.

In Figure 47, the plot shows the inputs of all buffers are swept from 0 to 1.5V and plot
the output voltage. As it’s shown in the plot, 5T and 7T have the largest input range and follows
the SSF. PSSF is good from 0 to 1.1V and NSSF is good for .4V to close to 1.5V. The most
compressed are FVF, PFVF is good for .8V to 1V and NFVF is good for .4V to less than 1V.
Since the buffers in this thesis are only used for connecting DC voltages, so input range is not a

big concern, to get better input range for other applications, all the FETs need to be redesigned.
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Figure 47 Input vs. output DC sweep for all buffers.

After taking the derivative for the plot in Figure 47, the plot in Figure 48 shows the Vin

vs. Gain for all the buffers. There are two information can be read from this plot, the first is the



38

liner input range for buffers and second is how close these buffers are to 1 or 0dB. The linear
range is the range for which the gain of the buffer stays flat, and as it’s shown from the plot
below, the result is as we got from Figure 47 that 7T and 5T have the best linear range, FVFs

have the worst linear range.
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Figure 48 Vin vs. Vout derivative for all buffers.

The forward gain vs. frequency plot is shown in Figure 49, from the plot we can see 7-
transistor has the narrowest bandwidth and NFVF has the widest bandwidth, but 7T’s gain is
much closer to 0 dB than NFVF’s, so there’s a trade-off between gain and bandwidth while
selecting which buffer topology to use. For the broadband applications, PFVF is a desirable

choice given it has a gain relatively close to 0dB and very wide bandwidth.
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Figure 49 Forward gain frequency response for all buffers.
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Output impedance for all the buffers is shown in Figure 50, as output impedance is an
important spec we care about while using the buffer. From the plot we can see before around
0.5MHz, 7T has the lowest output impedance, followed by FVF and then the SSF and the 5T
have the most output impedance, which is not ideal for applications like driving an LDO’s power

FET.
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Figure 50 Output impedance vs. frequency for all buffers.

Figure 51 shows the reverse gain for all the buffers at 10MHz. As it can be seen from the
plot, 5SMOS and 7MOS have the best isolation performance, followed by PSSF and PFVF, and
the least are NSSF and NFVF. Ideally, if the size of the input FET’s is the same, P version and N
version should have the same isolation, but in GF130nm process, with the same FET size,
NMOS has slightly larger Cgs than PMQOS, this explains why P version buffer has superior

reverse gain than the N version.
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Figure 51 Buffer simulated backward gain vs. frequency.

As it was mentioned before that a buffer can be used for many applications, so to do a
meaningful comparison of buffers between different topologies they need to be put into the
context of specific applications. If the buffer is used to reduce the glitch noise, the backward gain
will be the focus. In this case, if the area is not a big concern, the best options are 5T > 7T >
PFVF > NFVF > PSSF > NSSF. If the area is considered, then PFVF > NFVF > 5T, others are
excluded because the area is much larger than these three.

If the buffer is used for high accuracy applications, like the sample and hold the block in
an Analog-to-Digital converter (ADC) [16], the accuracy and input range is the utmost concern,
so the 7T will be the best fit up to the 7T’s bandwidth. If the higher sampling rate is required, the
PSSF or 5T will be the two good choices, and there is a trade-off between accuracy and
bandwidth. The NSSF and FVF are excluded because NSSF’s gain is off to 1 too much, and
FVFs’ input ranges are too narrow.

If the buffers are used in the LDO case, the output impedance, power, and area will be the
main concerns. So, right of the bat, 7T and SSFs will be excluded, because their areas are too
large; then the 5T is also not good, because its output impedance is large. So FVFs will be the

good fits due to their small area and low output impedance.



Table 3 Buffer small-signal equation summary.

Forward Gain Ay

Backward Gain A;go

Output Resistance R,

SSF ImiTo1 - C.951 1
14 (gmi)Tor + Civ Im19maTo1
Im2T02
FVF Im1 Cgsl 1
Yds1 + Yas2 + Im1 CIN Im19m2To1
ST 1 A Im1 SCgsz + Ime . SCgsl i
1/A+1° 9as2 t Gasa SCys2 + Imz2 + SCx + gass 1+ sCys1Zs Im2
7T 1 A= Im1 * Gme Cgs1 N 5Cys2 1
1/A+ 1 (Gasz + Gasa)(Gase + Gas7) Cgs1+ Cx 1+ 5Cy5rZs Im19meTo1

v



Table 4 Simulated buffer performance summary.

NSSF PSSF NFVF PFVF ST T
|_DC (uA) 35 35 35 35 35 35
Linearity (Number of Bits) 9.7 9.3 8.3 8.6 7.4 13.7
Forward Gain (dB) -1.63 -0.3 -1.5 -0.34 -0.33 -0.05
Backward Gain (dB) at 10MHz -24 -27 -24 -28 -39 -37
3dB Bandwidth w/ 10fF load cap 1.6 GHz 540 MHz 3.6 GHz 2 GHz 1.28 GHz 17 MHz
Output impedance (Q2) 630 780 460 220 2.3k 890
Input range (V) 0.61~1.4 0.2~0.95 0.68~1.2 0.75~0.9 0.5~1.3 0.4~1.4
Alnput range (V) 0.79 0.75 0.52 0.15 0.8 1
Area (um?) 99 94 4.4 4.6 27 138.7

[47
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CHAPTER 5. CONCLUSION

In developing monitoring circuits, buffers can be used to decouple testing nodes from
monitoring circuits, and also, they can be used to suppress glitches generated by monitoring
circuits.

Chapter 1 not only provided literature reviews on monitoring-circuit topologies and their
operating principles, but also provided reviews of analog buffers, described investigations on
how they were used, and what parameters should be tested.

In chapter 2, topologies of six commonly used analog buffers were introduced, and their
input range, small-signal forward gain, and output resistance were covered in this chapter.

Chapter 3 focused on small-signal reverse gain equations derivation. These equations are
useful for sizing and biasing buffers to reduce the negative impact of using the monitoring
circuits.

Chapter 4 described the design and simulation of six commonly used buffers, with the
simulation results summarized in a table for the comparison purposes. The chapter concluded by

describing buffer selection strategies for different applications based on the summarized table.
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APPENDIX BUFFER NUMBER OF BITS CALCULATION MATLAB CODE

function [ dnl,inl ] = inl inputV( V )
$Input V, and calculate INL

%Detailed explanation goes here

[M N]=size (V);

bw = diff (V);

dnl = (bw - mean (bw))/mean (bw) ;
dnl=dnl/N*1e6;

inl = [0 cumsum(dnl)];

end

$This script is used to calculate the linearity of the buffers
$function inl inputV.m is used.

$For 5 and 7 mos buffer

X = VSVOUTX (10:62) ;

Y = VSVOUTY (10:62) ;

Y =Y.";

[dnl,inl] = inl inputV(Y);

dnl max = max(abs(dnl))

inl max = max(abs(inl)) %Units for inl & dnl is ppm

NBits= log(1076/inl max)/log(2)



