


4.7 Results and Discussion

Fig. 24-26 show the dependence of noise figure, gain and IIP3 on W, and W,.

Fig. 24 Noise figure with respect to W, and W, .
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Fig. 25 Gain with respect to W, and W,.
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Fig. 26 IIP3 with respect to W, and W, .

From the above three figures, it can be concluded that M1 contributes mainly to the noise and

gain, while M2 to linearity.
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To get an optimized device width for each transistor, it is straightforward to look at the contour
graph of the noise figure, gain and I1IP3, shown in Fig. 27. For the sake of easy implementation,

both W, and W, are chosen as 146 um.
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Fig. 27 Contour plot of noise figure, gain and I1P3.

The simulation results in Cadence Spectre are shown in Fig. 28. The noise figure and transducer

gain is well matched between the predicted values and simulation results. The circuits S-
59



parameter performance is also very good. In Fig. 28(a), it can be seen that NF__(around 0.22

dB) is not achieved at the desired frequency due to power matching instead of noise matching at

the input port, but the noise sacrifice is pretty small.
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Fig. 28 Simulation results of (a) noise figure, (b) voltage gain, (c) S-parameters.

The design is compared with other designs reported in the literature in Table 3. For the sake of
fairness, the designs compared are simulation results using cascade structure with source
inductively degenerated and using CMOS technology. This work provides very good
performance in terms of noise, gain and linearity, demonstrating the merit of the design method

used in this work.
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Table 3 Comparison of Recent LNA Reports

Author [ref.] Gramegna Park et Tel?zl;a Yang et  Guo et Y;);l;;(%f This
etal. [42]  al. [43] 124] al. [44]  al. [24] [45] work
NF (dB) 0.9 >1.3 3 2.2 1.6 1.8 0.253
Input 1dB
Compression -15 -17.8
Level (dBm)
IIP3 (dBm) -1.5 0 1.27 >-10
OIP3 (dBm) 14 10.7
Power (mW) 8.55 234 4.5 4.8 9 7.1 8
Frequency
(GHz) 0.92 1.85 2.5 2.45 1.9 0.95 1.8
0.25 um
0.35 pm partially ~ 0.25 pm 0.6 um  TSMC
Technology RE G0 depleted  S-metal 0(5351 S AMS 035 um
CMOS SOI- CMOS CMOS CMOS
CMOS
Year 2001 2001 2001 2001 2002 2002 2004
Powe(rvs)“pply 1.8 ? I 33 1.5 1.5 33
Cascode Cascode, Cascode, Cascode, Cascode, Cascode,
Architecture SOUTce L’ two source L source L  source L  source L  source L
degenated stage  degenate  degenate  degenate  degenate  degenate
d d d d d
S11 (dB) -8.5 -24 -17 -40 -16.4
S21 (dB) 13.3 15 13.4 15 17.5 13 32
S12 (dB) -24 -38
S22 (dB) -27 -5 -23 -24.5
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4.8 Conclusion

In a LNA design, bias point and device size are treated as independent variables. While device
size tailoring is theoretically well researched, bias point is still obtained by extensive simulation.
This work discusses a noise, gain, and linearity optimization under power constraint, with the
independent design variables reduced to only device size. A noise, gain and linearity concurrent
optimization method for an integrated cascode CMOS LNA under power constraint is
demonstrated. Comparison between the result from this method and those from other methods
show its superiority. It can easily be adapted to single-transistor and differential CMOS LNAs, as

well as their bipolar counterparts.
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CHAPTER FIVE: MIXER DESIGN

5.1 Introduction

Study in linearity of mixer is a strong interest more recently. At high frequencies, and
particularly with narrowband circuits, it is more common to characterize the distortion produced
by a circuit in terms of a compression point or an intercept point. Therefore, third-order intercept
point (IP3) and —1 dB compression point becomes two important figures to represent the linearity
of a mixer. In recent years, the power consumption has also become a critical design concern
driven by the emergence of biosensor or mobile applications. As system designers strive to
integrate multiple-systems on-chip, power consumption has become an equally important

parameter that needs to be optimized along with area and other factors.

Based on aforementioned observations, a method is proposed for the power optimization of
CMOS Gilbert cell which is quite popular between designers, and the method is easily extensible
to single-balanced active mixers. The relationships between the power consumption of Gilbert

cell and the linearity and other main factors are described. In investigating these relationships,
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qualitative models in mixers have been developed whose predictions agree very well with
sophisticated simulations. This chapter is organized as follows: in Section 5.2 principles and
theory analysis for the Gilbert cell and discussion on the power consumption strategy is
provided. In Section 5.3 predictions and simulations are compared. Finally, the research is

summarized.

5.2 The Gilbert Cell and Theory Analysis

A widely used active mixer in CMOS designs is the Gilbert cell, shown in Fig. 29, because of its
reasonable conversion gain, good rejection at the RF and LO ports and fully differential

structure.
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Fig. 29 CMOS Gilbert cell.

It has three differential pairs: two for switch stage and one for transconductance stage. Therefore,

it is reasonable for the differential pair, shown in Fig. 30, to be studied carefully at first.
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¥, ng 2

Fig. 30 Differential pair.

The simple square-law MOSFET model for large signal characteristics analysis is not accurate
for modern short-channel technologies, and a better approximation for the I-V relation of a MOS

transistor is given in [46].

V.. —V,)?
I = K ( gs th) (51)
1+ H(Vgs -V,

The large-signal behavior of the switching pair is described by
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V-V, Vo =V,)
[0 - K ( gsl th) _K ( gs2 th) (52)
1+0(V g = Vi) 1+ 0 g0 = Vi)
Vin = Vgsl - VgsZ (53)
-7, Vo =Vy)’
IB - K ( gsl th) +K ( gs2 th) (5.4)

1+ H(V th) 1+ Q(Vgsz - I/l‘h)

Combining (5.2), (5.3) and (5.4), the following equation for the differential pair is obtained:

2 2
f(l)—g—l +\/( (I +1,)) +—(1 +1,))— \/(—(1 ~1,)’ —(13—10) (5.5)

Taylor series are usually used for weakly nonlinear behavior analysis because it is simple. We

can write differential pair output signal I, as a function of the input V;, as follows:

I=f"'W,)=cV, +cVi+cVy +..... (5.6)

mn

By combining (5.5) and (5.6), the following results can be achieved:
2= 2T, o (5.7)

0’1 K /1 0°1,
01:( - ) (
8
3

~ 94‘93C13 —200°Kc} +320K°c, -16K° K2
320°KI1, +40°I, +320Ke,  2,J21,

looso (5.8)
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switching pairs as discussed previously and the subtracting nature of the third-order harmonic, a

reduction of the conversion gain will appear in the third region, as shown in Fig. 34.
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Fig. 32 Simulated relationship between IIP3 and tail current Is by TSMC 0.35-pum process.
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Linearity can also be improved by increasing the gate overdrive voltage. The transconductance

stage transistor can be operated in strong inversion if a sufficient overdrive is obtained [51].

An expression for P, is [48]:

2

L

F)[IP:; (I/Od):§ Usat I/Od 1+ /ull/od 1+ ILIIV(Id (514)
3 IUIRS 4UsatL 2UsatL

From (20), linearity can be improved by increasing the gate overdrive. However. The large
overdrive leaves little voltage headroom under 3.3 V supply to ensure the transconductance stage
stays in the saturation region. Increasing the gate overdrive will also increase the power
consumption which is unfavorable for low power application. A moderate conversion gain is
necessary to reduce the noise contribution of the IF or baseband amplifier to the overall noise

figure of the mixer.

The noise figure of a mixer is dominated by the current switch stage and is higher than that of a
low-noise amplifier. The input transistor contributes 2-3 dB to the overall noise figure [52].
Common-gate and common-source input stages do not make too much difference in the noise
contribution. A small gate overdrive voltage of the switch requires smaller LO power to turn the

switches on and off effectively. This reduces the LO power and makes the switches more ideal.
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Non-ideal switching, such as when the switches arc not completely turned on and off, reduces the

conversion gain and increases the noise figure [53].

To validate the theory, the mixer is simulated using Cadence Spectre-RF. The BSIM3V3 MOS

model parameters for the TSMC 0.35 urn CMOS process are used.

Fig. 35 illustrates IIP3 of the mixer simulated at LO power of -25 dBm. /IP3 at-3.7 dB is

obtained.

input referred lIP3 = —3.7237

dBm

Fig. 35 Mixer IIP3 simulation.
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Table 4 summarizes the mixer performance.

Table 4 Summary of Mixer Performance

Mixer performance Value

Supply voltage 3.3V
Frequency 1.8 GHz

NF (SSB) 8.2dB

IP3 (input) -12dBm

1dB compression point -21dBm
Conversion gain 7dB
Technology 0.35um CMOS
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CHAPTER SIX: GATE-OXIDE BREAKDOWN ON DEVICE AND
CIRCUIT PERFORMANCE

6.1 Introduction

Gate oxide breakdown (BD) has been studied extensively. Many papers investigated the defect
generation leading to breakdown and the nature of the conduction after breakdown. Recently,
researches on the impact of MOSFET gate oxide breakdown on circuits have been reported [3]—
[6]. In [6] it was demonstrated that digital circuits would remain functional beyond the first gate
oxide hard breakdown, and an equivalent circuit was proposed describing the gate current in an
nMOSFET after gate oxide breakdown. On one hand, RF circuits are sensitive to the parameters
of their components; therefore BD is reckoned to have severe impact on the performance of the
circuits due to impedance mismatch and gain reduction [7]. On the other hand, big transistors
are used in RF circuits; one small spot of BD path [8], [9] through the gate may not cause too
much characteristic change. So it is worth investigating the performance of RF circuits after

device BD.
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6.2 Experiments

The devices used in this work are fabricated with 0.16 pm CMOS technology with channel
length L = 0.16 pm and channel width W = 10 um. The oxide thickness tox is 24 A. The devices
are tested with Cascade Probe Station, Agilent 4156B Precision Semiconductor Parameter

Analyzer, and Agilent 8510C Network Analyzer.

The oxide breakdown voltage is first determined from the Voltage Ramp Test (VRT). After
VRT the stress condition is then set at constant gate voltage Vs = 4.5 V and constant drain
voltage Vp =2 V with the source and the substrate grounded. High Vs is set to get a fast and
easy-to-observe breakdown occurrence. Because MOSFET devices are usually working in the
saturation region in analog and RF circuits, the gate oxide breakdown is more likely to occur
than under conventional TDDB conditions because of acceleration caused by hot-hole injection.
High Vpy is also used in the stress in order to mimic the circuit operation condition and embody
this effect. The stress automatically stops to avoid further damage to the oxide when the gate
current meets a threshold of 1 mA, S-parameters are then measured and the BSIM3V3 model is
extracted. Comparison between fresh and stressed I - Vi curves confirming the occurrence of
hard breakdown are shown in Fig. 36. The gate current is described very well by exponential

voltage dependence [54].
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Fig. 36 1,-V, characteristics before and after device breakdown.

6.3 Equivalent Circuit Model of a MOSFET after Gate Oxide Breakdown

In [6] post-breakdown nMOSFET gate characteristics were explained by the position of a

constant-size breakdown path, and a post-breakdown MOSFET equivalent circuit was proposed

to split the original MOSFET into two transistors (represented by level-1 model) and add a

breakdown path resistor between them.
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When evaluating their results, several issues were identified: 1) Level-1 model is a little bit
obsolete; 2) Transistor has a size limit, otherwise punch-through will occur. So simulator cannot
handle the breakdown position from 0 to the whole channel length; 3) The two new transistors

bring two more diffusion regions, which do not exist in the real post-breakdown transistor.

Based on the aforementioned observations, a modified equivalent circuit, which aims at RF

applications, is proposed and shown in Fig. 37.
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Fig. 37 Equivalent RF circuit after gate-oxide breakdown.

83



The equivalent circuit includes the intrinsic transistor, the terminal resistances (Rg, Rd, Rs), the
substrate resistances (Rdb, Rsb, Rdsb), the overlap resistances (Cgdo, Cgso), the junction
capacitances (Cjdb, Cjsb), and the two inter-terminal resistances (Rgd, Rgs). Rg and the RC
substrate network are included for more accurate RF modeling [55]-[57]. When either Rgd or
Rgs is large enough, the modified equivalent circuit leads to the gate-to-source or gate-to-drain
extension breakdown. With different values of Rgd and Rgs representing the conducting path
from gate to drain, from gate to source, or from gate to both drain and source [58], the gate-to-
channel or gate-to-extension breakdown [59]-[61] can be distinguished and modeled. In this

paper, breakdown occurs at about 0.15 pm from the source of the devices tested.

The validity of the present equivalent RF circuit is verified by measured and simulated results
for fresh devices before oxide breakdown as well as for those results after breakdown as shown
in Fig. 38 and Fig. 39, where W =10 um, L =0.16 um, tox =2.4 nm, VT =0.4 V, Rg=85.4 Q,
Rd=Rs=12.14 Q, Rgd = 6.88 kQ, Rgs = 23 k2, Cgdo = Cgso = 15.3 {F, Cjdb = Cjsb =7 {F,
Rdsb = 80 kQ2 and Rdb = Rsb =49.37 Q are used for simulation. The model is then used to

determine how the gate oxide breakdown affects RF circuit performance.
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Fig. 39 S-parameters degrade after device breakdown (solid squares: fresh measurement, empty
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post-BD device).
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6.4 Device Performance Degradation

It is clear from Fig. 39 that S-parameters degrade significantly after breakdown. After BD either
a gate-to-channel or a gate-to-extension resistive path is formed. This changes the input
impedance at the gate as evidenced by S11; another connection between the gate and the drain
other than the original capacitive path, which explains the significant degradation of S12; and
the change of the output impedance at the drain, which related to change of S22. The

degradation of S21 is consistent with the decrease of gm as in Fig. 40.
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Fig. 40 Transconductance (¥, = 1.5 V) degrades after device breakdown.

The measurement results are similar to the report in [62] that nMOSFET S-parameters degrade
due to hot carrier (HC) effects. Yet there exists difference in the significance of S-parameters
degradation. Here, S12 changes most, while in [62] S21 and S22 change more than S11 and S12.
The difference lies in the fact that in HC stressing, the damage of interface states and charge
trapping is more likely to appear near the drain end, and there is parasitic drain series resistance
increase [58], [63], [64] in NMOS, thus more impact is brought on the parameters related to
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output. After BD the damage is a conduction path inside the gate. The isolation between the gate

and the drain is broken, thus the reverse transmission S12 suffers most.

6.5 Circuit Performance Analysis

The above equivalent RF circuit after gate oxide breakdown is plugged into the Cadence Spectre
simulation of an LNA. Fig. 41 shows a narrow band LNA designed at 1.8 GHz. A cascode
structure is used to minimize the Miller effect and increase the gain. Source inductive
degeneration is adopted to improve linearity. The inductance at the drain of the cascode device
creates a resonant load with the input capacitance of the following mixer stage. Both the input

device M1 and the cascode device M2 are composed of 20 fingers with each being 10 um wide.
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Fig. 41 Schematic of LNA.

It is worth mentioning that not all fingers experience breakdown simultaneously. The condition
where only one finger of the input device breaks is first investigated. It can be seen in Fig. 42
that all S-parameter curves drift towards higher frequency and most of these curves change
drastically. At 1.8 GHz S11 changes from —19.24 to —6.19 dB, a 68 % reduction; S21 diminishes

from 30.59 to 23.47 dB and S22 changes from —17.9 to —6.37 dB. S12 changes only slightly.

90



Obviously, the circuit can no longer meet the usual —15 dB requirements of S11 and S22 after
one finger of M1 breakdowns. From Fig. 43 and 44, the equivalent noise resistance of the circuit
jumps from 5 to 18 Q, and the noise figure changes from 0.54 to 1.81 dB at 1.8 GHz. Even after

BD, the noise figure can still meet the general requirement of 2 dB.
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Fig. 42 Circuit S-parameters change before and after one or two fingers of M1 breakdown.
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Fig. 43 Change of the equivalent noise resistance before and after up to two fingers of M1
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Fig. 44 Change of the noise figure before and after up to two fingers of 1 breakdown.

To explore other probable impacts of different numbers of BD fingers and different BD
locations, several other simulations are done. Fig. 42—44 also show S-parameters, equivalent
noise resistances, and noise figures of the LNA after up to two fingers of M1 break down. These

figures of merits degrade more drastically after 2 fingers of M1 break.
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The circuit performance degradation can be explained by the following. After BD a leakage path
exists across the gate oxide [7]. This adds another noise source to the transistor, thus degrades
the NF. Also the drastical increase in gate current significantly increases the real part of the
complex input impedance. The immediate impact of such a change is to destroy the impedance
matching condition, which is critical for LNA performance. Thus, circuit S-parameters degrade

significantly, or even become unacceptable.

However, the breakdown of the cascode device is found not so crucial to the operation of the
LNA. Table 5 and 6 list S-parameters and noise figures after several fingers of the cascode
device break, while none or one finger of the input device breaking down at the same time. No
matter whether none or one finger of the input device breaks, the breakdown of one or several
fingers of the cascode device does not bring more significant damage to the LNA functionality.
The main function of M2 is to provide better isolation between input and output ports rather than
to provide significant gain. Besides, added noise at the first stage, M1, is more critical than latter
stages, M2, to the overall noise performance. So breakdown of M2 has less severe effect than

M1 on the LNA performance.
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Table 5 S-parameters in Decible with None or One Finger of the Input Device Breaks down

Number of
None finger of M1 breaks 1 finger of M1 breaks down

breakdown down
fingers of S11 S21 S22 S11 S21 S22
M2

0 -19.24 30.59 -17.9 -6.19 23.47 -6.37
1 20.43 30.36 -17.89 6.18 22.95 621
2 2031 30.14 -17.15 -5.82 22.56 6.18
3 -20.56 29.87 -16.77 -5.64 22.11 -5.95
4 -20.05 29.60 -15.39 -5.54 21.65 -5.49
5 -19.25 29.43 -15.10
6 -17.95 29.22 -14.16

Table 6 Noise Figure with None or One Finger of the Input Device Breaks down

Number of
breakdown fingers of 0 1 2 3 4
M2

None finger of M1
breaks down

0.540 0542 0543 0545  0.545

1 finger of M1 breaks

1.81 1.831 1.845 1.864
down
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6.6 Effect of gate oxide breakdown on PA

6.6.1 Introduction

High efficiency in power amplifiers is always pursued. The class-E power amplifier, shown in
Fig. 45, first devised by Sokal [65] and further analyzed in [66]—[68] has shown enormous
potential in the area of high efficiency power amplifiers. The superior efficiency of the class-E
power amplifier is due to its ability to displace the current and voltage waveforms of the switch
with respect to time in order to allow minimum overlap, thereby reducing the power loss across
the switch. This is done by reducing the drain voltage of the transistor to zero prior to the

transistor’s turning on.

vdd

)|
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gnd gnd gnd
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Fig. 45 (a) Standard single transistor Class-E power amplifier. (b) Equivalent circuit used to
estimate ideal operation with the MOSFET replaced by an ideal switch. The circuit can be
thought of as having two states of operation, the “off” state and the “on” state. In the first stage,
the switch is open, symbolizing the transistor being turned off (i.e. not providing any current). In
this stage, the current from the choke inductor plus the current from the LCR circuit is fed into
the capacitor, thereby leading to a buildup of voltage across the shunt capacitor switch
combination. The current buildup within the shunt capacitor is discharged through the switch
when the switch is closed during the “on” stage.

Nonetheless, the exceedingly high electric fields existing within power amplifier transistors
during its operation can easily exceed the breakdown voltages in modern sub-micron
technologies. It is known that the portion of the gate oxide near the drain ruptures most
frequently in power amplifiers due to the exceedingly high drain voltages [23]. For example, the

standard class-E power amplifier [65] is known to suffer from a maximum drain voltage of
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3.57xV,

p» therefore making this type of power amplifier a prime candidate for oxide breakdown

in the gate to drain region.

Meanwhile, an equivalent RF circuit model [69] has been proposed to investigate the effect of
gate oxide breakdown on RF circuit performance. This paper adopts the equivalent model to

analytically model the amplifier in post-breakdown operation.

6.6.2 Analysis on Performance of Class-E Power Amplifier after Gate Oxide Breakdown

As mentioned earlier, the switch transistor is exposed to large voltage stresses during the “off”
stage of the RF cycle. Over time, this voltage stress can lead to destruction of the oxide region
between the gate and the drain of the MOSFET used as the amplifying device. However, all
fingers in a multi-finger device, such as those frequently used in RF/Analog applications, usually
will not break down all at once. Typically each finger will break down in its own time. This

allows one to measure the level of breakdown by analyzing how many fingers have deteriorated.

For the breakdown effects on circuit operation to be analyzed, the original MOSFET in Fig. 45 is
replaced with the post-oxide breakdown RF circuit model and is shown below in Fig. 46. All of
the external parameters surrounding the MOSFET were calculated using the generated
parameters in the BSIM3v3 model file obtained from the tested transistor and the BSIM3v3

equations given in [70]. After multiple simulations of the proposed class-E circuit, it was found
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that the only parameter that made a significant contribution to the output of this circuit was the

R, resistance. R, and R, were included in the MOSFET “on” and “off” resistance values and

R, is bound with R, . For this reason, Fig. 46 only displays the R,, resistance parameter.

vdd

F/\/\/\/4\/\/\/[ T

Y|
/|

gnd gnd gnd

Fig. 46 The revised class-E power amplifier.

The method used to analyze the breakdown effects on the circuit operation analytically is similar
to that employed by [57], [58]. The analysis presented here makes the following assumptions:
(1) The output capacitance of the transistor is independent of the switch voltage.

(2) The current fall time from the “on” to “off” state is ignored.
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(3) The signal at the gate of the transistor is a square wave with a 50% duty cycle.
(4) The “on” and “off” resistances are both constant.
(5) The Q factor of the load is large enough to only allow sinusoidal output current to

pass, thus providing an output current of

iy =1,-sin(e, -t +d,) (6.1)

where [, is the amplitude of the output current and ¢, is the initial phase of i,.

For analysis purposes, the circuit operation cycle is divided into two states, the “off” state and
the “on” state. The equivalent circuits used to analyze these states are displayed below as Figs.

47(a) and 47(b). The “off” state ranges between 0 < @, - < 7, and the “on” state 7 <@, -t <2r .
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(b)

Fig. 47 The equivalent circuit for (a) the “off” state. (b) the “on” state.

During the “off” state, the voltage at the gate of transistor is zero, therefore allowing R, to act

like a link between the drain node of the transistor and ground as noted in Fig 47(a). Summing

the currents at the drain node gives

i, =i, +i, (6.2)

Noting that
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Ly =1L, +ig =C, ._dt +—R (6.3)
and
di
V., —v, =L -—& 6.4
dd d 1 dt ( )

d ZiLnff diLofj" . . v
Toa TPyt iy =‘1'(’°+ zDeD] (63)
where L (6.6)
Por =% c, '
- ! 6.7)
1 L1 'Cd .

Solving (5) results in

iy =€ -(C-cos(f-1)+C, -sin(B 1))+ C; -cos(w, -t + ¢,) + C, -sin(w, t+d,)+V,, /R (6.8)

where a= Z P (6.9)
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2
0 puff 'a)c
1 -
C, R (6.10)
q_a)c pof/"a)c
_170ﬁr 'a)c q_a)cz
g-o, 0
— Py, Iy-q
C, = d ’ 6.11)

Placing (8) back into (4) yields the drain voltage equation for the “off” cycle

iy =€ (@ G+ QY adfiyHa G—BC)SUBL -GSt ~1,- G-tV (6.12)

During the “on” state, a voltage is applied to the gate node of the MOSFET, therefore turning it

“on” and allowing it to conduct current through the channel. The charge built up in C,

immediately flows into the transistor, thereby increasing the drain current steadily. From Fig.

47(b), it can be noted that R, can cause more current to leak through the channel, thus

increasing the drain current and drain “on” voltage, which in turn leads to greater power loss

through the transistor. For this interval, the drain current can be expressed as
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Dy ve Ve

g

idon :ic+iR+iRon :Cd' dt R R
1/

whereR, =R, //R.

Combining (13), (4) and (2) gives

d’i, di, Vn Ve
—0”+ ._0”+ -1 =g-|l1, +——==-——
dtz pon dt q Lon q 0 R// R

where

Solving (14) results in

i1,y = Cse™ + Cee™ +C, cos(w,t + )+ Cysin(w,t + )+ V,,, /R, ~V, /R

where

34 5
O pOﬂ .a)C
I, - -
C7 0 q q c

q_a)c pon.a)c

2
_pon.wc q_a)c
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(6.16)
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_pon.a)c qu
q_a)c pon.a)

_pOII.wC q_a)C

SN

Placing (16) back into (4) yields

(6.19)

Vi =L Gy @ LGy € 4L -Gy -5in@, 1+ ~Ly Gy, -cOS@, 1 +h) +V(6.20)

From equations (12) and (20), the unknowns are found to be C;, C,, Cs, Cs, Iy, ¢. In order to

estimate values for these constants, the following conditions are employed

.2 .
lLon [a)_ﬂj = lLoﬁ’ (0)

c

P G T
Lon a)c Loff Cl)c

2
vdon (a)_ﬂ-J = vdo_/ff (0)

c

v il v il
don| — | T Vaogr| —
on Cl)(, off COC

6.21)

(6.22)

(6.23)

(6.24)

(6.25)



_ 2 B 2 _ 2
@ITZ-L (t)dt_,’_l T V. Vg Y don (t)df =P 4 1 (J‘T Vaon (t) dt+jr/2 vdﬂf/ (t) dt+J-T (Vg Y don (t)) df) (6.26)
T Jo T/ 0 R R

T s R e TN R ) e

Using the above listed boundary conditions, the unknown coefficients can be solved for

numerically. Finally, the output power and efficiency can be calculated by

p =0 6.27
out 2 ( )
and
.t (6.28)
= (1+ PDS+PBD) )
; out

where P, is the power dissipated through the channel resistance and P, is the power dissipated

through the breakdown resistance.

The effects of oxide breakdown on PA operation due to the number of fingers experiencing high

voltage levels are analyzed. The R,, value used in this circuit depends on the number of fingers

that have suffered from oxide breakdown effects. The width of the MOSFET can be thought of
as 700 parallel 10 um fingers. Since each finger is in parallel with its neighbors, its

corresponding R, is also in parallel with its neighbors. Therefore, assuming the experimentally
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found value of 1 kQ is a standard R, value found to exist with each broken down finger, it can

be shown that

R,, =—- (6.29)

where N = the number of fingers that have suffered from oxide breakdown.

The circuit was first simulated using a fresh transistor model file. The value of R, was set to an

extremely high value to represent an infinite resistance across the oxide layer. The circuit was
designed to supply 0.25 Watts of output power at an operating frequency of 950 MHz with a 0.9
V power supply. A finite dc-feed inductor [71] was used instead of an RF choke to help provide
some relief on the load resistance and supply voltage. The transient waveforms created at the

drain of the MOSFET are displayed in Fig. 48.
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When the power amplifier was simulated using the fresh transistor model files with no

breakdown effects included, a drain efficiency (77) of 90% was achieved at the fundamental.

After the equivalent RF circuit model and the experimentally generated breakdown model files

were applied, the drain efficiency at the fundamental dropped to 51% with 100 fingers affected

by oxide breakdown. Fig. 49 depicts a comparison between the simulated pre-breakdown and

post-breakdown drain efficiency values for various frequencies, whereas Fig. 50 displays the

decline in drain efficiency with respect to the number of fingers suffering from oxide breakdown.

The drain efficiency decreases rapidly with respect to number of breakdown occurrence.
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Fig. 50 Drain efficiency decline versus the number of fingers suffering from oxide breakdown.

One of the main contributors to power loss in a switching mode PA takes place when the
nonzero switch voltage and the nonzero switch current overlap, thereby dissipating power
through the transistor. As noted in [72], as technology scales down, the “on” resistance across
the transistor tends to become a greater problem. In Fig. 51(a), the minimum voltage across the
transistor when the transistor is in its conducting stage is displayed versus various values of

degraded fingers. As can be noted from the figure, V, . increases dramatically with an increase

min

in oxide breakdown, thereby causing more power to be dissipated through the transistor. Fig.

51(b) shows the minimum drain voltage across the transistor for various supply voltages. One
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can also take note that the drain current increases severely in direct proportion to how many
fingers have been degraded. Fig. 52 shows a drain current transient plot of a fresh transistor
compared to that of on suffering from 100 degraded fingers. From the figure, it can be found that
close to a 3 mA difference exists between the drain current of the fresh transistor in comparison
to that of the degraded transistor for the entire “on” state. Fig. 53(a) displays how an increase in
the number of fingers affected by oxide breakdown leads to an increase in the degradation of the
output power, whereas Fig. 53(b) shows output power consistently decreases at different supply

voltages.
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Fig. 51 Minimum drain voltage (v,, during the “on” state) versus (a) number of degraded

fingers, and (b) power supply.
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Fig. 53 Output power versus (a) number of degraded fingers, and (b) power supply.

6.6.3 Conclusion

A new circuit model was proposed in order to take into account the effects oxide breakdown has
on the operation of a class-E power amplifier. Analytical equations have been derived for the

new circuit model to describe the operation of the circuit under various degrees of degradation.
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It was shown that as the number of fingers affected by oxide breakdown increases the output

power and drain efficiency of the class-E power amplifier diminishes.
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