Chapter 7
LNA Design for Variability

Nanoscale CMOS transistors are more susceptible to long-term electrical
stress-induced reliability degradations. When those devices are used for radio fre-
quency (RF) or microwave applications, a single transistor aging can lead to sig-
nificant circuit performance degradation resulting from threshold voltage V7 shift
and electron mobility g, drift. In addition, process variations in nanoscale transis-
tors are another major concern in today’s circuit design. Random dopant fluctua-
tion, oxide thickness variation, and line edge roughness result in significant
threshold voltage variation of CMOS transistors at sub-20 nm technology node and
beyond [1].

The design for reliability (DFR) method intends to reduce the -circuit
over-design, while increasing its robustness against long-term aging. Here, the
adaptive substrate (or body) bias scheme is described for the LNA design for
process variability and circuit reliability [2]. Figure 7.1 shows a simple adaptive
body bias scheme. The adaptive body bias technique dynamically adjusts the
substrate bias of the input transistor M1 to reduce impact of process variations and
device aging on circuit performance.

7.1 Analytical Model and Equations

As seen in Fig. 7.1, the right side of the circuit controls the substrate voltage of the
main transistor. By designing similar drain-source voltage and gate-source voltage
for M1 and M2, both the main transistor and bias transistor may subject to similar
aging effect such as threshold voltage shift and electron mobility degradation.
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Fig. 7.1 Adaptive body bias VDD
design (© IEEE)
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To account for possible different stress conditions between M1 and M2, mismatch
between the main transistor aging and bias transistor aging is also considered. In
Fig. 7.1, when the V7 of M2 increases, the current Iz, decreases. The reduced Iz,
results in an increased body voltage V. The increase in Vi of M1 will decrease the
threshold voltage of the input transistor due to source-body effect. Thus, this
compensates the change of V; from device aging. Similarly, the decrease in electron
mobility, which decreases the drain current of the MOS transistor, will increase Vy
of M1. The drain current of M1 is also compensated. Examining Fig. 7.1, the KCL
equation to solve for Vj is given as

IgiR1+ Vg = Vpp (7.1)
/
I ~ % (VB - Vtune - V7,')2 (72)

where Ve is the tuning voltage, 8’ is the transistor parameter (' = p,CoxW /L) of
M2, and V7 is the threshold voltage of M2. Note that Vi, can be used to adjust the
stress effect on M2 due to change of effective drain-source and gate-source voltages.
Combining (7.1) and (7.2) and solving for Vz one obtains

V2B R1(Vpp — Vine — Vi) +1—1
BRI '

Ve = Viune + V} + (73)



7.1 Analytical Model and Equations 57

Using (7.3) the dV7 variation yields the body voltage fluctuation as follows:

oVg

Vg = 6V

B> ove o0
—2p'R1 ,
=1+ = - - )oVy

2B'RI\/2BR1(Vop — Vaune — Vi) + 1
: oVy
=V} (7.4)

V2B RL(Vop — Vine — Vi) + 1

Due to the body effect, the V; of M1 can be described by the following
expression

Vr = Vro+7,(v/2¢r — Vg — /2¢F) (7.5)

where y,, is the body effect factor and ¢ represents the Fermi potential. The V7 shift
of M1 due to degradation of M1 and M2 is thus modeled by the fluctuation of Vg
and Vp as

750V
2\/ 2(1)}:]} - VB

Combining (7.4) and (7.6) yields the V7 variation

5VT = 5V7'0 — (76)

2 V 2Q{)FP - VB \/2/3/R1(VDD - Vtune - V/T) +1

The first term in (7.7) represents the threshold voltage shift of M1, while the
second term in (7.7) accomplishes the canceling effect resulting from the combi-
nation of threshold voltage shift of M2 and the body bias circuit of M1. Thus, the
overall Vr shift of M1 due to process variation and reliability degradation is
reduced. The level of reduction is related to V. of M2, body effect coefficient y,,
M2 transistor f#', and resistor R1. To achieve an optimal resilience to the variability
and reliability, it is better to choose larger R1 and wider channel width of M2.

The noise factor is a measure of the degradation in signal-to-noise ratio that a
system introduces. Equation (7.8) expresses the noise factor defined in the two-port
network with noise sources and a noiseless circuit [3]. The noise figure is the noise
factor expressed in decibels. The noise factor is written as

oVr = 6Vro —

). (17)

F = g+ |in + (Zc'i‘ Ys)e,,|2 -1+ Z"' |Yc_"' Ys|22

i2 i2
Iy Iy

(7.8)
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Fig. 7.2 nMOSFET noise
model

where i is the noise current from the source, Y is the source admittance, i, is the
device noise current, e, is the device noise voltage, and Y, is the correlation
admittance.

For n-channel MOS transistor M1 at high frequency, the small-signal equivalent
circuit model with noise currents is displayed in Fig. 7.2. The 1/f flicker noise is
ignored at high frequency. The nMOSFET consists of the drain current noise and
gate noise. The drain current noise and gate noise in Fig. 2 can be written as [4, 5]

24 = 4T 8an Af (7.9)
— @?C2,
2 = 4kTO—22A 7.10
ngl 58401 / (7.10)

where k is the Boltzmanns’ constant, T is the absolute temperature,  is the radian
frequency, gqo1 is the output conductance of M1, Cy is the gate-source capacitance
of M1, y; = 2/3 for long channel MOSFET and can be 2-3 times larger in
short-channel devices, and @ is the gate noise coefficient.

For the DFR biasing circuit, the drain of nMOSFET M2 is shorted to its gate as
seen in Fig. 7.3. Thus, the noise looking into the node B consists of the two noise
sources R1 and M2 drain current noise. The resistor R1 thermal noise and M2 drain
current noise are modeled as:

Fig. 7.3 DFR biasing circuit VDD
noise model (© IEEE) _
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i3 :4kTﬁAf (7.11)

2, = 4kT,8400 A (7.12)

where g,0, is the output conductance of M2. Thus, the total mean squared noise
voltage is

— R1

2 —4kT———— A 7.13
‘b1 1+ R1y,8402 f (7.13)

The reflected drain current noise due to noise voltage in the body node is
determined by a ratio of body transconductance gp1.

R1

2 A
Bl 1+ R1y,8402

Zmp1 A (7.14)

Due to the body effect of M1, the drain current noise is a combination of noise
originated from the drain current and reflected from the body node B.

2 _ 2 2
L = Bl + Ihal = 4kT|:

1 2
_ + A 7.15
T R1%>2m 8mbl VlngI} \f (7.15)

The noise can be reflected back to the input gate of M1 by g,,;.

— R1 2
2 = 4kT{ Bmb y“id‘”} Af (7.16)
1+ R1p8a02 & &mi

The equivalent input noise voltage is completely correlated with the drain cur-
rent noise. Thus, the noise resistance is

R 91211 R1 grznbl Y18do1
n

4kTAf 14 R1p28402 82 o

(7.17)

The equivalent input noise voltage generator by itself does not fully account for
the drain current noise. A noisy drain current also flows when the input is open
circuited. Under this condition, the equivalent input voltage is obtained from
dividing the drain current noise by the transconductance. When multiplying the

input admittance, €2, gives an equivalent input current noise as

2y = & (joCe)’ (7.18)
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Here, it is assumed that the input admittance of M1 is purely capacitive, which is
good approximation when the operating frequency is below the cutoff frequency.

The drain noise and gate noise of M1 are correlated with a correlation coefficient
¢y defined as

ok

i1

1"t
€] =t (7.19)
2 2
lngl b

The total equivalent input current noise consists of the reflected drain noise and
the induced gate current noise. The induced gate noise current itself has two parts.
One part, ing, is fully correlated with the drain current noise of M1, while the
other, ingy1, is uncorrelated with the drain current noise. The correlation admittance
is expressed as follows:

I +1 i
Yc _ nl ngcl :ijgSl + ngcl
€nl €nl (7 20)
: Ingel '
:]wcgsl + &mi r}gc
Inl

The last term must be manipulated in terms of cross-correlations by multiplying
both numerator and denominator by the conjugate of the drain current noise:

8ml — = 8ml ml SN
In1 nl * Ly i

ingcl _ in.gcl : 121 _ ingl : l;;l (721>

Using the above equation, the correlation admittance can be rewritten as

ﬁ
Ingl * Iy
2
L

Y. :jwcgsl + 8&m1

5)

i
ngl .
— = JOCys1 + gmiC1
l

(7.22)

nl

Inserting (7.10) and (7.15) into (7.22) yields the expression for Y,.. Note that the
correlation coefficient ¢, is purely imaginary [3]. Thus, G, (the real part of Y,)
equals zero. Using the definition of the correlation coefficient, the expression of the
gate induced noise is written as

- 002C2, Jeir Bw?CE (1 — |ey|?
o — (i g — Ty 21 el )

7.23
5gao1 5ga01 (7.23)
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Thus, the uncorrelated portion of the gate noise is

2 00 (1 [af)

ul

Gu = =
! 4kTAf 5gd01

. (7.24)

The minimum noise figure is given by

Gul

nl

2 WCy , R1g2
=1+ —=—5/6(1 ¢ { bl + 7.25
V5 gm \/ 1=ld) (14 R1v,8402)8a01 h (7:25)

Fain = 1+2Ry [Gopt + Gc] ~ 1+2Ry

Using (7.25) the minimum noise figure fluctuation is derived as

2 oC 1 2 ngz
AFpin = ———222L (1 — |c [ el 71 | Agm
min /5 g%nl \/ ( lcl”) (14 R1y,8402)8&a01 : :
2 oC 0(1 — [c[)R1
T I Agu
ml 2 R1
(1 +R1Y2gd02)gd01\/e(l = el )[Wﬁ% T
1 ©Cgs 0(1 — [c[*)R1gZ, A
_75 &ml 2 2 Rig, o
(1 +R1ngdoz)8d01\/e(1 = el ){m 'H/l}
_ 1 oG 0(1 — e )R gh1 7> Agao
\/g gml R1g?
(14 R1v28400) gao11 /(1 — [c[) [Mﬁ% +Y1}
(7.26)

In (7.26), the second term leads to the reduction of minimum noise figure
sensitivity due to the body effect of MOSFET M1.

Small-signal gain S,; is related to the transconductance and gate-drain capaci-
tance of M1. A detailed derivation of small-signal model is given in the following.

—2Y21\/Zo1 Z
Sy = 21V 201202 (7.27)
A
Ay = (1+YuZo)(1 + Y22Zo2) — Y21 Zo1 YioZon (7.28)

In the following discussion, one will see how Y,; fluctuates due to transcon-
ductance variation. Firstly, high frequency small-signal model for nMOSFET is
shown in Fig. 7.4a. When the node D is tied to the ground terminal S, Fig. 7.4a
reduces to Fig. 7.4b.
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Fig. 7.4 a High frequency (a)
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Y, for single nMOSFET without body effect is derived from Fig. 7.4b. In Fig. 7.4,
V| refers to Vg in terminal 1 (between G and S) and V; refers to Vg in terminal 2
(between D and S). Using Fig. 7.4b Y,; without body biasing is given by

i(f)
Vi(f)

Thus, the transconductance fluctuation results in Y5, variation:

(f) = |V2:O = —j0Cqd + &m (7.29)

AYzl(f) = Agm (730)

Figure 7.5a shows small-signal model for nMOSFET with body bias terminal.
When D of M1 is tied to ground with S of both M1 and M2 in the substrate biasing
circuit in Fig. 7.1, a simplified equivalent circuit model is displayed in Fig. 7.5b.
Using Fig. 7.5b, one can write the current i,

i = gnVi+ gmb1 V2 — VijoCoqr . (7.31)

At the node B in Fig. 7.5b, the KCL equation results in

. . V2 .
Vajax(Capt + Cavt) + Vajr(Cesr + Cas2) + gm2 Vo + —— RI[|r = (Vi = V2)joCay
o2
(7.32)
Combining (7.31) and (7.32), Y,; is obtained:
i (f) . JOCgb18mb1

Y. I —jCgqdi + &m1 + - 7.33
2u(f) = v(f)l" jCodi + gmi o —— (7.33)

where Ciot = Cgp1 + Cap1 + Cgs2 + Casa-
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Fig. 7.5 a High frequency small-signal model of nMOSFET with body terminal and
b small-signal model for Y,; derivation including substrate biasing circuit (© IEEE)

Note that V; in (7.33) represents what V, means in (7.29).
From (7.33) one can derive the fluctuation of Y5, as a function of g,,,1, gmp1, and
8m2 as

JOCqb1gmb1 nat jrCapi
2+ -
(jorCoot + g2 + m)Z " joCot+ gma + wil

AYy (f) = Agmi — Agmb1

(7.34)

The second term in (7.34) will reduce Y, sensitivity due to M2 in the DFR
design. However, the third term in (7.34) due to the body effect of M1 will increase
the fluctuation of Y,;. Thus, the transconductance of M2 helps reduce Y,; sensi-
tivity, while the body transconductance of M1 may degrade Y,; sensitivity.
Examining (7.26) and (7.34) together, the best sensitivity of noise figure and
small-signal gain subject to body bias cannot be obtained simultaneously.
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7.2 LNA Variability

A narrow-band cascode LNA designed at 24 GHz with adaptive body biasing is
shown in Fig. 7.6. The main input transistor (M1) is connected with source
degenerated inductor for better input matching and noise reduction. The cascode
transistor (M3) provides the output to input isolation. All n-channel transistors are
modeled using the PTM 65 nm technology [6]. The inductor values, MOS channel
widths, and R1 are given in Fig. 7.6. Vpp = 1.0 V, Vi,;,s = 0.7 V, and Ry;as = 5 kKQ.
The NF, NF,,;,, and S»; of the LNA without resilient biasing are 1.414, 1.226, and
12.124 dB at 24 GHz, while the corresponding values of the resilient design are
1.369, 1.327, and 11.531 dB, respectively.

Figures 7.7 and 7.8 show ADS Monte Carlo simulation [7] of the NF, NF ;,,
and S,; sensitivity subject to process variability. Monte Carlo simulation results
demonstrate that a 10 % of V7 spread (STD/Mean) for the LNA without substrate
biasing scheme yields 6.63 % NF spread and 5.58 % NF,;, spread. A 10 % of Vr
spread (STD/Mean) of the LNA with adaptive substrate biasing gives 3.85 % NF
spread and 3.52 % NF,;, spread. Comparing Figs. 7.7 and 7.8, it is apparent that
the adaptive body biasing reduces the process variation effect significantly. It is also
obtained that the 0.2 V Ve corresponds to the +5.41 to —4.16 % NF deviation
and +5.20 to —3.92 % NF,,,;, deviation. This spread fits into the compensation range
for post-process Ve calibration.

The reliability effect such as threshold voltage shift and mobility degradation on
the LNA with or without adaptive substrate biasing is further evaluated. Figure 7.9
shows the normalized NF and NF,,;, to normalized threshold voltage shift for the

Fig. 7.6 A cascode low-noise VDD
amplifier with adaptive body
bias (© IEEE)
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Fig. 7.7 Monte Carlo 5 7
simulation of the LNA
without substrate bias
(© IEEE)
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original LNA compared to the LNA with adaptive bias design at different aging
conditions. Since both drain-source voltage of main transistor M1 and substrate bias
transistor M2 have the same designed drain-source voltage and similar gate-source
voltage stress, M1 and M2 may have similar aging effect. However, different aging
rates on M1 and M2 are also examined to account for a wide range of stress
conditions. As seen in Fig. 7.9, the adaptive body biasing reduces the variation of
normalized NF and NF;, significantly. In Fig. 7.9, the solid line represents the
LNA without adaptive body bias and the solid lines with symbols represent the
LNA with adaptive body bias, while the line with triangles corresponds to the M2
transistor’s aging effect (threshold voltage shift or mobility degradation) is half of
that of M1’s, the line with empty circles is when both M1 and M2 have an identical
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Fig. 7.9 Normalized a NF
and b NF,;, versus
normalized V7 shift of the
LNA without adaptive body
bias compared to that with
adaptive body bias (© IEEE)
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aging degradation, and the line with inverse triangles represents that M2’s aging
effect is twice of M1’s. It is seen from Fig. 7.9 that the LNA with resilient substrate
bias scheme reduces the noise figure and minimum noise figure sensitivity signif-
icantly even when the M2’s aging is different from that of M1’s. It is interesting to
point out that larger M2 aging in fact reduces the noise figure sensitivity even
further. This is due to an additional 5V7. in M2 to compensate the threshold voltage
shift 6V in M1 as indicated in Eq. (7.7).

Figure 7.10 shows the normalized NF and NF,;, variation versus normalized
mobility degradation for the original LNA compared to the LNA with adaptive
body bias at different mobility degradations. The line and symbol representations
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Fig. 7.10 Normalized a NF (a)
and b NF,;, versus 0
normalized ,, degradation of
the LNA without adaptive
bias compared to the LNA
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are the same as those defined in Fig. 7.9. The adaptive body biasing reduces the
sensitivity of normalized NF and NF,,;, against mobility degradation also, though
its effect is not as large as that in threshold voltage shift. With larger aging
degradation on M2, the resilient biasing effect is further improved slightly.

The small-signal gain sensitivity versus V7 shift considering different aging is
displayed in Fig. 7.11. Again, in this figure the solid line represents the LNA
without adaptive body bias and the solid lines with symbols represent the LNA with
adaptive body bias, while the triangles correspond to the M2 transistor’s aging
effect is half of that of M1’s, the empty circles are when both M1 and M2 have the
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Fig. 7.11 Small-signal gain 2.0
sensitivity versus threshold
voltage shift (© IEEE) 151
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same aging degradation, and the inverse triangles represent M2’s aging effect twice
of M1’s. In Fig. 7.11, the adaptive body biasing does not help reduce S,; sensitivity
much as implied by Eq. (7.34). Figure 7.12 shows the normalized S,; sensitivity
versus mobility degradation for the LNA with or without adaptive bias scheme. The
adaptive body biasing increases the S,; sensitivity slightly subject to electron
mobility degradation.
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