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ABSTRACT

Bias circuits often affect the instantaneous bandwidth (the bandwidth of the signal that is taken
through the PA at a given time) over which a pre-distorter can linearize the transmitter’s output
signal. The resulting nonlinearity is difficult to remove completely even by most advanced pre-
distortion techniques. In order to keep up with the increasing data rates in telecom industry, there is
a desire to increase the mentioned bandwidth. This thesis describes clearly the effects of bias circuit
which causes the baseband currents to generate significant variations in the baseband voltages at
the transistor terminals. This paper proposes internal decoupling (large capacitance inside the drain
package of the transistor) to lessen baseband resonance problem by moving the resonance to much

. . . LA .
lower frequency with a weaken amplitude. It also proposes the use of snubber circuit (Z DC-Feed line

together with a small resistor) to attenuate the weak resonance. Two models of packaged RF power
transistor were available. These were identical except that one had internal drain baseband
decoupling and the other not. Both were internally pre-matched Si LDMOS transistors designed
mainly for class AB operation in the 1.8 GHz band. The transistor with internal decoupling seems to
alleviate the baseband impedance variation problem thus making it easier to pre-distort.

Simulation result gave a baseband impedance of 0.3Q at 11 MHz and 11Q at 194 MHz for the
transistor with internal decoupling and for the standard transistor respectively. The measurement
results gave 2Q(manufacturers measured with un-optimized board and it was 16Q) at 242 MHz and
40 at 164 MHz again for the transistor with internal decoupling and for the standard transistor
respectively. For RF performance, both transistors were designed for best efficiency and gave 58%
for the transistor with internal decoupling and 55% for the standard transistor. Both transistors gave
output power more than 100W.
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Chapter 1

1. Introduction
1.1  Background

Not so many years ago, most mobile radio transmitters were required to handle only a single analog
voice channel mainly with constant envelope frequency modulation. As a result, the kinds of bias
networks used to stabilize large RF power transistors were restricted. The bias networks seen in older
manufacturers’ catalogs were presented with large inductors wound on ferrite rings. This was quite
acceptable as long as the modulation was either constant envelope, or had a very low signal
bandwidth. On the other hand, Modern wireless systems use amplitude modulated signals with
bandwidth capability in MHz, or tens of MHz, regions [7].

The oscillatory behavior of RF power transistors is a well-known short coming of RF Power Amplifier
(PA) design. Its effects are most common at baseband frequencies (in the MHz to VHF range), where
the terminating impedance of an RF power device is mainly defined by the bias insertion network.
Voltage modulation that appears at the output terminal of the PA is caused by any impedance which
is placed in the bias supply path; this modulation will in turn cause additional distortion products by
modulating the gain and phase of the amplifier. Therefore it is mandatory to ensure that this
impedance is sufficiently low so that the resulting voltage modulation has acceptably low amplitude.
Due to the mentioned facts, for stable operation, the design of bias networks in any RF power
amplifier plays an important role [7].

To achieve the required RF output power within the maximum allowed DC power consumption, the
amplifiers of current base station transmitters operate under non-class A. There are harmonic
currents generated when amplitude modulated signals pass through a Power Amplifier operating in a
class other than class A. At baseband frequency (the zeroth harmonic band), significant current flow
in the PA's drain and gate bias circuits. This current varies following the peaks and dips of the
amplitude-modulated signal envelope [7]. The bias circuits are designed in such a way that the RF
signal is isolated from the power supply (PA gets only DC power from the power supply and sets the
transistor operating point). For this purpose inductive, capacitive and possibly resistive elements are
used. Current RF power transistor packaging technology and the PA building practice limit the
performance of these bias circuits which causes the baseband current to generate significant
variation in the baseband voltages at the transistor terminals, which in turn modulates the
transistor's operating conditions. This may inflict dynamic distortion on the amplified signal, and may
even in extreme cases lead to transistor breakdown failure. To achieve the output signal linearity
requirements, one sometimes uses a technique where the transmitter corrects for its nonlinearities,
which are mainly caused by the PA, using adaptive digital pre-distortion. But in some cases the
mentioned dynamic variation cannot be pre-distorted or it becomes too costly to pre-distort as the
signal and RF bandwidth increases. Thus, the PA dynamic distortion should be kept at a level that
most cost effective pre-distortion algorithms can handle.

1.2 Aim of thesis work

The main purpose of thesis work is to study the isolation of RF Power Amplifier (PA) from its power
supply and also investigate new solutions to alleviate the problems encountered. The power supply
should be isolated except that the RF PA gets DC power from the supply. By doing so there are

7
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possible problems arising. These problems arise both at the gate and drain of the transistor of the PA
and can be described as

1. Thereis parallel resonance (caused by the bias circuit low frequency inductance and the
transistor drain/gate capacitance) around the baseband frequency which together with the
RF baseband current causes a variation in the baseband drain/gate voltage. This variation will
modulate the transistor operating point causing dynamic distortion on the amplified signal.
Due to the described reason, it is important to have low enough impedance seen by the
transistor over large enough base-band frequency region.

2. The bias circuit should present very high impedance over large RF bandwidth as seen by the
transistor not to affect the RF match of the system. However the second problem is, there is
not high enough impedance seen into the bias circuit by transistor over large enough
frequency region around fundamental RF frequency.

1.2  Report Organization

This report has two major goals: first, to provide the reader with an introduction to the effects of the
bias circuit on RF PA design together with general PA theory; and second, to discuss ways on how to
overcome the mentioned effects. The format of this report will thus be,

Chapter 2 discusses the common topologies used in Power Amplifier design, as well as briefly explains
different bias networks and their effect on PA performance.

Chapter 3 contains the brief description of how two different PAs were designed for two different
transistors. These PAs were used mainly to study the baseband performance.

Chapter 4 contains all the simulation and measurement results for the two PAs designed and
fabricated.

Chapter 5 contains comparative analysis of the simulation and measurement results that were
obtained from realizations of the two different PAs.
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Chapter 2

2. Theory

2.1 Amplifier Classes

Depending on class of operation, RF power amplifiers used in transmitter circuits exhibit varying
degrees of nonlinearity. While keeping constant RF input signal, the output current’s harmonic
content varies with the DC bias at the gate of the LDMOS device. The transistor conduction RF cycle
depends on a bias level for specific application. This chapter discusses eight classes of power amplifier
operation, in which the first four are often used in RF power amplifiers. Figure 2.1 shows these four
classes based on the transistor transfer characteristics.

Iq

id(max)

*—

\/

Vgs(threshold) vgs(pinch—off) ng

Figure2.1. Classesof Operation of Power Amplifiers[1]
Where,

Vgs | :is the instantaneous gate to source voltage of a transistor

ig |:istheinstantaneous drain current

v : is the minimum voltage needed to turn on a transistor
gs(threshold)|

Vaswimen—orpy | the Vs (for this very amplifier) that causes the vy, that the transistor goes out of pich-

off: Maximum instantaneous drain current

---- (dotted graph): ideal characteristic of transistor operation

2.1.1Class A

In this class of amplifier, shown in figure 2.2, the transistor is biased at the middle of the DC
characteristics and conducts through the whole RF cycle. This means that it's conducting with a
conduction angle (©) of 360° or 2m. It also works in its linear range for low amplitude signals since as
the RF amplitude gets smaller, smaller part of the transistor characteristic is visited. But for large RF
signal amplitude (figure 2.2), larger and less linear transistor characteristics are visited. Class A has
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higher gain than all other classes. The disadvantage of this amplifier is it has DC consumption without
any RF input signal and also for low-amplitude RF input. Therefore, this class of amplifier is very
inefficient but is less complicated and linear. Class A amplifier is usually used for low power or small
signal applications [2],[5].

lq

id(max) e R Ea,— —{ - ope

id(max’- ________ T
2

r‘—> Vgs(pinch—off)

vgs (threshold)| | |
|
| I
r* Input waveform

Figure 2.2 Transfer Characteristicsfor Class A operation [1]

4
I S ——

2.1.2 Class B

In this class of amplifier, shown in figure 2.3, the transistor is biased at pinch off and conducts 50% of
the RF cycle which corresponds to © = 180° or t. This means, the transistor works in its linear range
(instantaneous output current of the transistor being linear function of the instantaneous input
voltage) for half of the RF cycle and is turned off for the other half. The main advantage of Class B
amplifiers over Class A is, there is no current consumption when there is no RF input. In addition, the
DC current consumption decreases (approximately linearly) with decreasing RF amplitude. For large
input amplitude (still below saturation and greater than Vi, resnola) the gain to a good approximation
will be the constant gain of ideal class B (ideal in that transconductance could be considered constant
for vg > vi). Whereas for much lower amplitude (figure 2.3) where the lowest transconductance
towards Vipreshold PeCOMes more dominant, the gain will drop from ideal class B to zero. This strong
non-linearity is sometimes called cross over distortion [2],[5].

10
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lq

id(max)

gs

————

: 1 >
Vas(threshold)| == | -
I:IT iﬁ : Vgs(pinch—of f) v
I
J
'

(;; 1 Input waveform
i

Figure 2.3 Transfer characteristicsfor Class B operation [1]

2.1.3 Class AB

In this class of amplifier, shown in figure 2.4, the transistor is biased in the operating point
somewhere between Class A and Class B. The cross over distortion in this class goes significantly
down compared to Class B. The cross over distortion never goes to zero, on the other hand the high
amplitude saturation distortion is somewhat lower for class AB than class A. For the same saturation
distortion, the maximum output power is somewhat less for class A than for class AB. As a result, it is
not possible to say that Class A is more linear than class AB. But for class A, it is possible to get as
high linearity as one wants by reducing the maximum used output power which is not possible for
realistic class AB. Most Radio Frequency (RF) Power Amplifiers are class AB rather than Class B. This is
because class AB is more linear than Class B. This linearity is achieved by having quiescent current
(consumes DC-current even at zero RF amplitude) [2],[5].

la
]
id(max)
id(max
2
- -IL — | ',
vgs(threshald)_ - -_-:i : vgs(pinch—aff) ng
e —— - ]
; E I
— | Input waveform

Figure 2.4 Transfer characteristicsfor Class AB operation [1]
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2.1.4 Class C

In this class of amplifier, the transistor is biased below pinch off and conducts less than 50% of the
time which corresponds to © < 180°. The advantage is, it has a higher efficiency than all Class A, Class
B and class AB. The main drawback is that the linearity is worst with high distortion [2].

2.1.5ClassD

This class can be considered as a high power signal generator. This class use switching to get very
high power efficiency. By allowing each output device to operate in a way that it is either fully off or
on, losses are minimized in an idealized model, for more realistic however, that might not be the
case. [2]

2.1.6 Class E

In this class, the switch in the driver circuit is driven with 50% of the time. Device capacitance Cs is
absorbed into network. Load network is derived to provide ZVS and dVds/dt = 0. The main drawback
of the Class E amplifier is that the voltage swing across the device is very large (3.6xVDD). [2]

2.1.7 Class F

In this class, harmonic termination is used to square wave shaping of intrinsic drain voltage (the
voltage at the intrinsic drain inside the transistor package). The third harmonic, and possibly also
some higher odd order harmonics, are terminated in very high impedance. This limits the maximum
efficiency to be approximately 80%. But if an infinite number of harmonics can be considered in ideal
case, the efficiency can reach up till 100% at maximum output power. [2]

2.1.8 Class F'!

This class of amplifier is dual to the class F amplifier. The difference here is that, here shapes of the
intrinsic drain current (the current at the intrinsic drain inside the transistor package) and voltage
curves are interchanged relative to the class F; here a square-wave drain current is used. The second
harmonic is terminated in a close to infinite impedance (and possibly higher order even harmonics).

(2]

All of the above described amplifiers except ideal class A, take different current for different RF
amplitude, and therefore the reactance of bias circuitry is important for them.

12
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2.2 Analytically analyzing PA
Power Amplifier is one of the most sophisticated and important parts in a radio design. For this

reason, it is very important to understand what is really going on inside this unit. In order to
understand such a complex unit, it is important to start with simplified approach. In this section a
simple ideal class B amplifier drain circuit is analyzed for investigating effects of bias circuit. The most
important building blocks of the drain circuit are seen in figure 2.5 below

Idealized circuit schematic Real world drain ciruit schematic

v_I
%] + | vdd TLN
DC-Block = Vde=1.0V DC-Feed
- 2=50.0 Ohm
. . . . E=90
To intrinsic Drain F=1 GHz
. vV R - o VN - L
To intrinsi¢ Draip |_ L I
Harmonic DC-Feed Rload Mutua_indugtance bondw ire_inductance c pd block]
Terminator c| L=ronH =1 Cpad cdiopF
ok B 1 E . . R=‘ ; C=1.0 pF
- ondw Ire_inductance
o0k §L=1,0nH
R=
Vdd 1 c =
DC_block -
S Cc=1.0pF =

R
Rload
R=50 Ohm

L

Figure 2.5 Transistor Drain idealized and real word circuit schematic Tranasistor Package

From figure 2.5 the harmonic terminator is part of the drain circuit inside the transistor package
which is usually made by the transistor manufacturers. The values given in the real world circuit are
not realistic and are inserted just as an example. The mutual inductance (L mutual_inductance which
is explained in section 2.31) is very small and of importance only for more exact quantitative
considerations.

The harmonic terminator gives a reasonably good approximation to a zero-impedance path to
ground for 2" 3" _harmonics of ig (in figure 2.5 it is idealized and gives exactly zero ohm) so that v,
can only contain Fourier components in the baseband and fundamental RF region.

The DC Feed in figure 2.5 should present zero impedance to ground at baseband frequencies and
infinite impedance at RF frequencies. So all baseband Fourier components of v, are then zero except
for the zero frequency component which is V;;. The only non-zero Fourier component of V,; are
therefore the ones in the fundamental RF region and the zero-frequency component that equals the
drain supply voltage.

The DC-Block in figure 2.5 ideally should give infinite impedance at zero frequency. In addition, it is
also assumed to give zero impedance over the whole fundamental RF region. For a more practical PA
it should also give reasonably high impedance over the whole baseband region, but in the ideal case
this is not an issue since here exact DC (Zero hertz) is the only baseband Fourier component of v, .

As a result, all the RF Fourier components of the load voltage v, are the same as the drain
voltage v, . These two voltages are equal except for the supply voltage V4 that is present for v, but
not for v;. And the Fourier components of v, and v; in the fundamental RF region will be
proportional to those of the drain current i; with constant of proportionality equal to R;,44-

13
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2.2.1 Continuous Wave (CW)

This is un-modulated signal where the RF input power is constant. In the ideal model the
instantaneous drain current is,

ig(t) = gm * (vg(t) —vy), forvg > 0and vy > vr
Where, g, is the transconductance of the transistor
vr is the threshold voltage
ig(t) =0, forvg >0and vy, < vy

vr is handled by the gate bias that is not much of interest now, so assume vy = 0 and zero gate bias
(Ideal class B operation which is discussed in section 2.1.2)

Under these conditions, the gate voltage is given by

Vg = A x cos(w¢ * t) (2.1)
ig()=gm * A * cos(w¢ * t) , _7“ Swe*t< g (2.2)
iqg()=0, —TM<w.*t< %ﬁ and g Swextsm (2.3)
The DC current is,
Inc = 5= ST ia() * (@ * 1) =%f_%gcoscpdcp = En2 (2.4)
And the fundamental RF current
Igp = %f_nnid(t) cos(we * t)d(w, * t) (2.5)
= Mf%n cos?(w, * t)d(w, * t) (2.6)
m =
= ng * A (2.7)
So the drain current can be described in a Fourier series form
iqg(t) =g * A * (% + %cos(ooC * t) + second and higher harmonics) (2.8)
And the instantaneous drain voltage becomes
va(D) = Vaq — gn;*A * Rjgaq * cOS(0¢ * t) (2.9)
v () = — g";*A * Rjgaq * cos(wg * t) (2.10)

Here the minus sign comes from the current direction of iy was taken positive to be downwards

14
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eliminating the input amplitude A in (2.4) by use of (2.7)
2
Inc = —*Irp (2.11)

Using equation 2.7 the RF voltage across the load is,

Im*A

VrRr = * Rioaa = Rioaa * Irr (2.12)
Using 2.9 and 2.12 the instantaneous drain voltage becomes,

vq(t) = V4q — Vrr * cos(w, * t) (2.13)

From equation (2.13), it can be seen that V4 = 0 all the time if Vg < Vg4, this implies that the
maximum amplitude of RF output voltage is equal to the drain supply voltage.

The maximum instantaneous voltage that occur during an RF cycle is,

Vd,max = Vdd + VrF (2.14)
For Vaq=VRF max, l€ads to

Vamax = 2 * Vaq (2.15)

The value given in equation (2.15) should be less than the transistor break down voltage
(Vpreak—down) Which is > 2x V44 for the transistor not to break down. Maximum possible Vg4 for the

. . . . 14
transistor not to break down at maximum output amplitude for that Vyq is Vdd’mmFW, and so
maximum possible intrinsic drain voltage output amplitude for a given transistor is
V _Vbreakdown

RFmax,transistor— 2

The RF output power is,
Pap = REVIRE (2.16)

In Equation (2.16) the power is considered as an average power over one RF cycle and the load is
considered to be purely resistive

2
PRF = V'RF (217)

The maximum output power then becomes

VZ
PR max=; (2.18)

*Rioad

Using (2.11) together with generalized DC power formula, the drain power-supply power used to
produce this RF power is,

2
Ppc = Vaa * Inc = Vaa * (=*Irr) (2.19)

The drain efficiency is then,

15
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Pre _ 1, Vre (2.20)
4

Ppc VRF,max

So if high efficiency is needed which is almost always the case, Rj,,4 should be chosen so that the
maximum available output power from the PA equals the maximum output that is needed. Of course
the transistor cannot deliver however large current, so there is an absolute maximum output power
a given transistor can deliver at a chosen Vyq. This value of the load impedance is called Ry [7]

V244
2*PRF max

Ropt = (2.21)
Properly designing the matching circuit makes sure that the load impedance actually presented to
the intrinsic drain is Rqp¢ , and this shows how important it is to design the matching circuit carefully.

2.2.2 Modulated Two-Tone Signal

In this case there are two equally strong input sinusoids whose frequencies are plus and minus of the
modaulation frequency from the center frequency. The two-tone test is a simple yet effective test to
investigate the behavior of the PA for modulated signals. Taking two equal amplitude signals with a

modulation angular frequency w,, = AT(D'
ve(t) = = (cos (@ — =) t) + cos ((u)c +22) t) (2.22)

A
=B*COS(7mt)*COS((DC * t)
=A(t)* cos(w, * t)
Where
— p* Aw
A(t)= B*cos ( > t)
From (2.7) and (2.4) respectively,

gm*B*cos(Ath)

Igp(t) = : (2.23)

g
Ipaseband (t) = 7m * B *

A
cos (Tm t)| (2.24)
So the baseband current has Fourier components at wg = 0, w; = w,w, = 2 * Aw and so on

For non-ideal DC-feed (DC source not being short circuit at all frequency which is explained in detail
in section 3.3.1)

Vidbb (D)= Vaa-Sn1"™ Re(Zoceea(n*Aw)*Cpp*e ™4™ (2.25)
where, Vigpp (t) is the intrinsic drain baseband voltage

C,, is fourier coefficient of iy, (intrinsic drain baseband current) for w=n*Aw

16



Bias Circuit for RF Power Amplifiers

Nmax ere is the highest Fourier component intended to be included, because this simplified model
can’t be valid at arbitrary high frequency and RF components cannot be included. Therefore, n does
not go all way up to infinity.

Zpcreeq 1S NOt the impedance of the box DC-feed in the figure 2.5, but the total impedance seen by
intrinsic drain in the baseband frequency region. If the DC-feed box is actually ideal, which is exactly
zero impedance in baseband frequency region and presenting infinite for all RF regions, then intrinsic
drain sees zero ohm regardless of what impedances the other boxes present. But if the DC-feed box
is non-ideal, which is non-zero impedance in baseband region, then the impedance seen by intrinsic
drain will depend on also other boxes. As a result, the whole drain bias circuit is not just the DC-feed
box, but also part of the RF circuit (harmonic terminator, RF match).

If |Zpcseea(w)| is small except for a peak at w=w.s then emphasis can be on looking at modulation
frequencies 2*Wmeg=AW=Wres , 4*Wmed=2*AW=Wes , 6*Wmog=3*AW=wW,e , €tc. This is due to, only for
those modulation frequencies there will be a Fourier coefficient of the drain baseband current that
has a frequency where the impedance is not small, and thus creates a significant contribution to the
drain voltage. If it is the n’th baseband harmonic that hits the peak/resonance
(N*2*Wmed=N*Aw=W,es), then the drain baseband voltage is,

Viabb (0)=Vaa-Re(Zoc reea(Wres)* Cr*e ™™™ (2.26)
Vidbb () = Vad-|Zocreea(wres) || Cpp | *cos(n*Aw*t +arg(Zocfeed(Wres))) (2.27)
So the minimum drain baseband voltage over a cycle is
Vad- | Zocseed(Wres) | *| Cr | (2.28)

From previous subsection, we then know that the maximum possible RF voltage amplitude
(measured at intrinsic drain) is then reduced from

Vdd > Vdd' | ZDC-feed(wres) | * | Cn |

For the idealized class B amplifier, although that is an idealized model, this can be used as a
qualitative estimate for what will happen for a realistic amplifier. Only a small reduction of the
relative value of the maximally achievable output RF amplitude can be accepted, and so at worst the
accepted reduction of effective Vg4 is one or a few percent of V4.

In ideal class B case: the absolute value part of the non-linear function (baseband intrinsic drain
current) in (2.27) is what makes the baseband spectrum much wider/broader than the fundamental
RF spectrum (the actual signal spectrum). If it had not been for the absolute-value, then the
baseband current had been proportional to cos((Aw/2)*t ), and the drain baseband current would
have had only one single Fourier component (for this two-tone modulation) at w= Aw/2. It is the non-
linearity of the absolute-function (for ideal class B, similar but not exactly the same function for
realistic amplifiers) that makes instead a Fourier series with components at Aw, 2Aw, 3Aw, 4Aw etc.

The maximum RF output power is achieved when the intrinsic baseband voltage is equal to Va4
which results,
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Viapb (D)

PRF,max(t) = 2+Rjoad (2.29)

From the above discussion, it is evident that when dealing with non-ideal DC-feed, at angular
modulation frequencies Aw, 2Aw, 3Aw, 4Aw etc the baseband impedance is not small (which explains
the importance of resonances at high baseband frequency). This will reduce the maximum RF voltage
amplitude by increasing (| Zpc feea(Wres)| *| C,|). This implies that the bias circuit has to be designed
carefully to present low baseband impedance for the maximum achievable RF output power not to
deteriorate significantly for realistic modulated signals.

2.3 Investigating Effects of Bias Circuit

In PA design, the performance can be limited by the type of the bias circuit used. The DC feed line
impedance can have an adverse effect on the performance of the PA in-terms of RF bandwidth or
signal bandwidth. For this reason it is very important to study these effects by using different types
of bias circuits. Different biasing circuits are discussed in the next sub topics.

2.3.1 Standard (Conventional)
This drain bias model is the conventional way of biasing a circuit; it is shown in the figure 2.6

Ideal Decoupling is assumed
which is NOT the case in reality

—
_DC —_
+] vdd TLIN
= Vdc=28V T
- Z=50 Ohm
E=90
F=2.2 GHz
= PR VN 3l
1 Term
L C Term2
L2 L4 c DC_Blockl Num=2
L=0353 nH CPad C=5pF 7=50 Ohm

L=0606nH  _
R=

> c=20pF =

Term C

Terml Cds tl

Num=1 C=8.64 pF {t} -

250 Ohm I';—_0.027 nH

Figure 2.6 Conventional Drain Bias Circuit and RF parts

c =
DC_Block
C=0.2nF

Il
I s

In figure 2.6, The transistor package represents the drain to source capacitance (Cds), DC-block
capacitance(DC_Block), bond wire inductance L2 and L4(for connecting the capacitances), and pad
capacitance (used for connecting the out-bond-wire to the external circuit by mechanically holding
the package together), mutual inductance L1 between L2 and L4. The values presented here are just
an example and RF match is not taken into consideration since that is not the point of this
subsection. The terminations in the circuit are inserted just to run S-parameter simulation in
Advanced Design System (ADS) and study the bias circuit intrinsic drain impedance. But in reality, L1
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together with Cds is connected to the intrinsic drain of the transistor. The right side of the circuit
which is terminated with Term 2 is connected to RF match and load. The DC-feed transmission line
(TL1 in figure 2.6) gives a short to the power supply V_DC so that DC voltage is feed into the circuit.
But it presents an infinite impedance to the point of the matching network where it connects
(because “quarter wave” at fc and AC ground termination at other end) so it does not affect the RF
performance at f=fc. So this circuit in figure 2.6 is ideal at exactly f=0 and f=fc, but non-ideal in giving
non-zero impedance at baseband for f>0 and non-zero admittance for RF not equal to fc.

The circuit in figure 2.6 is simulated and the magnitude of the intrinsic drain impedance was found to

look as seen figure 2.7
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frea, MHz
Figure 2.7 Intrinsic Drain | mpedance of Conventional Drain Bias Cir cuit
The quarter wave line low frequency inductance is given by,
Z
L,=—
4 f; (2.30)

Where, fc = 2.14 GHz

The low frequency inductance in (2.30) together with the DC-block capacitance (C DC_Block in figure

2.6) gives parallel resonance at

1
Jres = 2#1,[Lo*C DC_Block (2.31)
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As a result in this case fres =129.8 MHz. This is one of the main problems described at beginning
where there is not low enough impedance as seen by transistor over large enough base-band
frequency. This resonance gives very high baseband termination impedance at frequencies close to
the resonant frequency. This in turn can lead to complicated memory non-linearity that not all DPD —
linearizers can handle. In the worst case scenario, voltage spikes can lead to transistor breakdown.

2.3.2 Separate DC-feed

In this model DC voltage is supplied by negligible inductance (where the inductance of the line in
figure 2.6 is ignored), the circuit model can be seen in figure 2.8,

2 2V

c3
C=20pF {1}

Y1
Term C L L LAl Term
Terml C5 1 L L4 C Term2
Num=1 C=864pF {t} 2 2 c c4 Num=2
2250 0hm :[ ;’f’ 0270 0606 (g :,O I G C=5pF {1} 7250 0hm
= R= a

C
c1
C=02nF {t}

Figure 2.8 Separate DC feed model for Drain Bias Cir cuit

In figure 2.8 C1 is supposed to be close to ideal DC-block, i.e. the upper terminal of C1 should ideally
be at AC ground. So therefore the DC supply can be connected there without disturbing the RF
performance of the circuit. That is advantageous at baseband because the low frequency inductance
Ly of the DC-feed transmission line is eliminated. And it is good at fundamental RF because the
potentially disturbing admittance the “DC-feed” transmission line contribution at its connection point
to the matching network for f not exactly equal to f is eliminated.

When simulating the circuit in figure 2.8, the resonance is moved to a higher frequency since the
inductance of the transmission line is eliminated. This response is seen in the figure 2.9
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Figure 2.9 Intrinsic Drain impedance of the separate DC-feed bias cir cuit
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The resonance frequency in figure 2.9, which is equal to 1.022GHz, is less of a problem since it’s not
in the lower baseband frequency region or near to the RF frequency region where the signal
spectrum is present. Nevertheless, in practice to keep the lower terminal of L2 at constant potential
(at AC ground) is difficult to achieve by connecting to something outside the transistor package due
to parasitic inductance in connection. But the grounding of the DC supply almost never is good by
itself to keep a good AC ground. That is achieved in practice instead mostly by decoupling capacitors

on the PA circuit board (which is briefly discussed in section 3.3.1).

2.3.3 Combined conventional and separate DC feed

In this model, the ordinary quarter wave transmission line Dc supply feed is used. The same basic
effect was supposed to be achieved as the circuit of section 2.3.2 by simple taking the decoupling
capacitor inside the transistor package and connect it very closely to the lower terminal of L2 to
achieve very low parasitic inductance. The circuit to this model is seen in figure 2.10

T e
"_t o LN
1 T
T V=28V 2250 0hm
- E=90
F=214GHz
e S —)
Term C L L 4 Term
Terml C4 C Term2
Num=1 C=864pF L tz L c cs Num=2
7=500hm LR0027TH @ | Zoeopny O3 c3 C=5pF 7=500hm
R= e R= C=20pF =

Np——— ¢
in— r}
]

I— &

C C

C1 L3 C2

: C=0.2nF L=0.25nH C=0.2uF
R=

Figure 2.10 Combined conventional and separate DC feed drain bias cir cuit

By keeping L, the low frequency inductance of the DC Feed Line constant, the parallel resonance
witnessed in figure 2.7 can be moved to a much lower frequency. The resonance in this case is given
by,

1

fres = Tyl (2.29)

The resonance at such lower baseband frequency region could be very dangerous, but since Ly is
kept constant and only the decoupling capacitor (C2) is increased to a high value, the reactance
wres*Ly would be very small so that small resistance might kill it. As a result, the magnitude of
intrinsic drain impedance will be much lower than the one witnessed in figure 2.7. The simulated
result of the circuit model in figure 2.10 is show below in figure 2.11
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Figure2.11 Intrinsic Drain Impedance of transistor package with internal decoupling

From figure 2.11 it can be seen that the resonance frequency is at 4.2 MHz which is quite dangerous
but as discussed above it can be attenuated by a small resistance. In this case the second terminator
(Term 2 in figure 2.10) attenuates the resonance to a smaller value which is 0.3Q.

2.4 Different Models for Gate and Drain Bias Circuit

After studying the effects of the bias circuit, it was possible to understand the effect the bias circuit

has. Then it is necessary to mitigate these effects by studying different Bias circuit models which are
discussed in the next sub sections.

2.4.1 A quarter wave transmission line with a snubber resistor
In this model, the DC-feed transmission line TL1 is not connected directly to the transistor part of the

circuit but via the resistor R1 that attenuates the baseband resonance. This model looks like shown in
figure 2.12

Ideal Decoupling is assumed
which is NOT the case in reality

Term
Term2
Num=2
Z=50 Ohm

Figure 2.12 Gate Bias Circuit Model |
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This type of bias circuit can be used for the gate side but not for the drain because we want
extremely low loss on the drain side. The right side of the circuit will be connected to the gate of the
transistor and the left side will be connected to a DC source (gate biasing voltage). The Capacitor (C1)
will give RF signal ground by presenting a very low reactance. The input gate impedance as seen by
the transistor should be very high at the center frequency (fc =2.2 GHz), since the quarter wave
transmission line will present infinite impedance when seen from the transistor. But here in this
model only the impedance at the center frequency is kept at infinity but it is also necessary to have a
zero impedance at f=0. The least impedance seen at 0 Hz in this model is the series snubber resistor
10Q which can cause dissipation but since there is not much current on the gate side the dissipation
is negligible. The simulated result of the DC-feed impedance is shown in figure 2.13
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m4 B freq=2.143GHz

freq=39.30MHz mag(Zgate2)=2.239E6
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0.0 0.5 1.0 15 2.0 25 3.0 3.5 4.0 4.5 5.0

freq, GHz

Figure 2.13 Gate | mpedance seen from the transistor

As described above we see very high impedance at the center frequency which is desirable not to
affect the RF match. Also the least absolute magnitude of impedance we have at the lower frequency
is equal to the order magnitude of the snubber resistor. Note that figure 2.13 is not the same type of
result as presented in figures 2.7, 2.9, 2.11 since for the latter are the whole drain circuit.

2.4.2 Two quarter wave transmission lines in parallel and Snubber resistor in
series

This model can be used both for the gate and drain biasing. In this model, two quarter wave length
transmission lines are used and one transmission line is in series with the snubber resistor. The
model seen in section 2.4.1 is actually a special case of this model with the parallel transmission line
(TL2) characteristic impedance equal to infinity. The circuit model of this circuit can be seen in figure
2.14, in this model also ideal grounding is assumed which is not the case in reality and different
decoupling capacitors should be used.
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Figure 2.14 Gate and drain bias circuit model |1

Here the second transmission line presents a zero impedance path for the DC, which means there is 0
Ohm impedance at 0 Hz. In addition, the snubber resistor with the first transmission line attenuates
the baseband resonance. As the case in model one, the first and second transmission lines present
infinite impedance at the center frequency. The model in figure 2.14 was simulated and the

impedance as seen from the gate or drain of the transistor was plotted. This plot can be seen in
figure 2.15
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Figure 2.15 Gate or drain Impedance as seen by thetransistor

We can see that when using two transmission lines, the impedance at the 0 Hz frequency is zero and
infinite impedance is kept at the center frequency. Again note that figure 2.14 is not the same type of
result as presented in figures 2.7, 2.9, 2.11 since for the latter are the whole drain circuit.
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Chapter 3

3. Design Method

For the design of RF PAs to experimentally test different bias circuits, two models of packaged RF
power transistor were available. These were identical except that one had internal drain baseband
decoupling and the other not. Both were internally pre-matched Si LDMOS transistors designed
mainly for class AB operation in the 1.8 GHz band. The nominal maximum output power was 140 W
at a nominal drain bias voltage of Vdd = 28 V. One PA was designed from each transistor model, with
an attempt to optimize the bias circuits as much as each transistor package model and the limited
data available allowed. The optimization aimed particularly at minimizing the impedance presented
to the intrinsic drain and gate as much as possible over as large base-band-width as possible.
Although the focus was placed on the base-band-width, some attention was also directed to the RF
bandwidth. This, however, seemed to be rather limited by the package, and rather insensitive to the
exact matching and bias circuits used which was proved by simple and very rough studies carried out.

The transistors were prototype designs without product numbers. No transistor package models
become available during the design work. Therefore the design was based entirely on
measurements; Load-pull measurements for RF match designs, and simple low-frequency
measurements of capacitance on the transistor package terminals for a simple very approximate
assessment of resulting impedance presented to intrinsic gate and drain at low base-band frequency.
Only two copies of each transistor model were available. For this reason the design was made for a
somewhat reduced Vdd = 26 V in order to reduce the risk of transistor failure.

For reference also a design using a traditional non-optimized drain bias network was made for the
transistor with and without internal base-band decoupling which is not analyzed due to lack of time.

3.1 Load Pull Measurement

As discussed in the beginning of chapter 3, the transistor package information was lacking so a
Load/Source Pull measurement was performed. The objective is to determine optimal impedance
presented to the external gate and to be presented to the external drain, at RF (1.8 GHz). This
measurement will help prove if the two transistors (with and without internal decoupling) has the
same performance at RF so that the analysis at baseband becomes fair enough. The measurement
principle for the Load/Source pull measurement is shown in figure 3.1

ZSource,opl =? ) ZLoad.opl =7?
Vinput signal os » [ Output
: : Input <« o+ matching ]
: MNT matching + Vbs Load
: : v - o
i : fs _—I_— impedance
=t é Drain bi =
L | Gate bias rain bias =

V X VDS.bias

GS,bias

T 1

Figure 3.1 L oad/Sour ce Pull M easurement Principle [2]
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In this measurement it is possible to see the preferred load and source impedances to present to
the transistor package terminals. Once these impedances are known, then the PA design is based
on these values. The measurement setup can be seen in figure 3.2

Power Power
Meter Meter j
Tsource (Varlable)
Variable ‘ ‘
Attenuator ! !
Signal Directional Inplut
Generator Coupler Tuning—)
Stubs
/N S— A
Transistor
Under Test
Power
Meter = R B
(o]
Directional Directional '(I?:rt\?:gt L
Coupler Coupler Stubs ﬁ
loea(Variable)

Figure 3.2 Load/Sour ce Pull measurement setup [8]

During the measurement, frequency was swept (1780-1900) MHz, RF input Power (pulsed
with 10% duty cycle and 10 us pulse width) was swept from 25 dBm until 3 dB compression is
achieved. Gain, Efficiency and RF output power were studied. Since there is no model given
for the transistor, different Vg were swept to see the performance (I-V curve) of the
transistor. The I-V curve is shown in figure 3.3

I-V curve for different Vg
10000
E RO —o—Ve=2
£ 5000 — 0500000 —8—Vg=2.55
N | ANANANAN N Vg=28
3 0
(8}
£ 0 5 0 15 20 25 30 Vg3
a Drain Voltage (V) ==\/g=3.5

Figure 3.3 Transistor Operating Region

An abrupt change can be seen in the |-V curve when switched from 3V to 3.5V. Since the number of
transistors are limited, it was preferred to run the transistor with bias level Vg=2.55V and Vdd=26V.

Load/Source Pull Measurement results for the transistor with internal decoupling were recorded for
best power and best efficiency. This is shown in table 3.1 and 3.2
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Frequency | Vdd | Idg(mA) | Zload(€2) Zsource(Q) | Pout | Gain | Effi
(MH2) V) (dBm) | (dB) | (%)
1780 26 | 450 0.89-j2.09| 1.23-j4.25 52.6 13.57.65
1805 26 | 450 1.01-j2.2 1.37-j4.61  51.8 13.85.1
1845 26 | 474 0.89-j2.1 1.59-j5.02 52.7 14.68.6
1880 26 | 474 1.11-j2.29| 1.95-j5.84 52.5 14.39.6
1900 26 | 474 1.06-j2.31| 2.61-j6.15 52.2 14.28.2

Table 3.1 Load/Sour ce pull resultsfor thetransistor with internal decoupling optimized for best power at
3-dB compression

Frequency | Vdd | Idg(mA) Zload(Q) Zsource(Q) | Pout | Gain | Effi
(MH2) (V) (dBm) | (dB) | (%)
1780 26 | 450 1.71-j1.23| 1.23-j4.25 50.5 13.5 .657
1805 26 | 450 3.37-j0.67| 1.37-j4.61 50.1 13.88.4
1845 26 | 474 1.26-j1.29| 1.59-j5.02 51.8 14.68.4
1880 26 | 474 2.1-j0.8 1.95-j5.84 50.4 14.59.9
1900 26 | 474 1.86-j1.32| 2.61-j6.15 51.04 14.32.9

Table 3.2 Load/Sour ce pull resultsfor thetransistor with internal decoupling optimized for best efficiency
at 3-dB compression

From table 3.1 and 3.2, it can be seen that when going for the best power at the frequency very close
to the center frequency (1805 MHz), the efficiency is degraded significantly. But when choosing the
impedance for the best efficiency, the power drop is only 2 dB. Because of this, the PAs were
designed for best efficiency. The recorded Load/source measurement results for the standard
transistor for best power and efficiency are shown in Table 3.3 and Table 3.4 respectively

Frequency | Vdd | Idg(mA) | Zload() Zsource(Q2) | Pout | Gain | Effi
(MH2) W) (dBm) | (dB) | (%)
1780 26 | 450 0.9-j2.2 1.18-j4.18 52 14(2 438
1805 26 | 450 0.91-j2.26| 1.34-j4.53 51.24 14 644
1845 26 | 474 0.89-j2.38| 1.51-j4.55 52.1 13.28.6
1880 26 | 474 1.06-j2.3 2.01-j5.55 52 13.88.4
1900 26 | 474 0.9-j2.42 1.93-j5.81 51.7 14.35.9

Table 3.3 Load/Sour ce pull resultsfor the standard transistor optimized for best power at 3-dB
compression

Frequency | Vdd | Idg(mA) | Zload() Zsource(2) | Pout | Gain | Effi
(MH2) V) (dBm) | (dB) | (%)
1780 26 450 1.98-j1.51 1.18-j4.18 51 142 614
1805 26 | 450 2.07-j1.39| 1.34-j4.53 50.5 14 58.2
1845 26 474 1.9-j1.84 1.51-j4.55 50.7 13.236.4
1880 26 | 474 2.05-j1.05| 2.01-j5.55 49.% 13.84.1
1900 26 | 474 1.87-j1.77| 1.93-j5.81 50.4 14.88.9

Table 3.4 Load/Sour ce pull resultsfor the standard transistor optimized for best efficiency at 3-dB
compression
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From the above four tables it can be verified that both transistors (standard transistor and transistor
with internal decoupling) have the same RF performance. Also it can be seen that the source
impedances of both transistors are quite similar. This confirms the information given from the
manufacturer that the two models are identical except for internal decoupling on drain. From the
above four tables, table 3.2 and table 3.4 are the ones used which are optimized for best efficiency.
The preferred impedances and the corresponding expected RF performance for designing goal is
listed below,

Preferred Optimal Measurement results for f = 1805 MHz:

Transistor Type | Zext,drain (Q) | Zext,gate(Q) Power(dBm) Efficiency Gain (dB)
(%)

Internal 3.37-j0.67 1.36-j4.57 50 58.5 14

Decoupling

Standard 2.07-j1.39 1.36-j4.57 50 58 14

Table 3.5 Preferred Optimal M easurement results used to design PAs

From table 3.5, it can be seen that the design impedance value used for the transistor with internal
decoupling is quite different from other values in table 3.2. This is because the efficiency contour was
quite wide which gives large range of impedance values. Also, the external gate impedance is
computed by taking the average between 1.37-j4.61,Gain=13.8dB, for internal decoupling and
1.34-j4.53, Gain 14dB, for standard transistor.

3.2 Drain and Gate Capacitance Measurement

Since transistor model is not given from the manufacturer, the gate-source and drain-source
capacitances were measured using a multi-meter. The measurement setup is shown in figure 3.4
below,

. ml . =

Gropnd Gropind

Transistor Transistor

Test board Test board

Multimeter Multimeter

Figure 3.4 Drain and Gate Capacitance measur ement setup
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Both transistors with and without internal decoupling were measured. The measured values are the
same for the two transistors on the gate side. But for the drain side, as expected the capacitance for
the one with internal decoupling was much higher.

3.3 Drain and Gate Circuit Design
The drain and gate circuits have been designed and optimized using the following three goals

= 1. DC-feed line presenting a very high impedance to the transistor at f, so that the bias
circuit does not affect the RF performance

= 2. Get the RF match to the chosen impedances from Load/Source pull, the RF performance
characterization cannot be achieved without having a good match at f = f,

= 3. Low enough impedance as seen by intrinsic drain or gate over large enough base-band-
width.

3.3.1 Non-Ideal decoupling of DC-Feed

When analyzing the effects of different bias circuit, an ideal grounding was used which is short circuit
at any frequency. But that is not the case in reality. Due to this, designing a non ideal grounding for
the DC-feed was necessary. It is not possible to decouple all frequencies with only one capacitor so
three capacitors were used for this purpose. There is of course a problem when combining several
capacitors together that the parasitic inductances will create a parallel resonance that will give very
bad decoupling in a frequency region close to resonance. First capacitor, for decoupling of the RF
frequency (Murata Ceramic Capacitor, 15pF, 250V ,has series resonance at the center frequency).
Second one for decoupling of the high baseband frequency (Murata Ceramic Capacitor, 10 uF, 50V) is
used. Third one, for the low baseband frequency, this capacitor model was designed using ADS so
that it can give very low reactance to the very low frequencies. The design model is shown in figure
3.5. The overall circuit design was symmetric configuration. The symmetric configuration is that not
only one of those basic three capacitor decouplings, but two are placed symmetrically on the
microstripline. Two such decouplings symmetrically are placed on the outer end of each DC-feed
quarter wave microstripline. And then two DC-feed quarter wave line-units (consisting of two
qguarter-wave lines at drain, one of them with snubber resistor, and each decoupled at the other end
as described above) placed symmetrically on the microstripline connecting to the transistor package.
So this will reduce effectively parasitic series inductance and series resistance to half twice,
effectively resulting in a reduction to one quarter of that of one single three-different capacitor unit.
Even though that was the original intention, later due to practical difficulties this is done only for the
15 pF and 10 uF capacitors. Further advantages of this configuration includes: Parasitic resistance
and inductance can be reduced by half, current crowding can be reduced. This configuration is the
only way which alleviates the probability of extra resonances.
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Figure 3.5 Electrolytic Capacitor M odel

In figure 3.5, all model values were tuned to get as good fit to reality as possible but while doing so
problems might occur since the capacitor models designed by manufacturers is more complicated
than this. But this model was good enough to use it in simulation.

The circuit diagram for non-ideal decoupling can be seen in figure 3.6
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Figure 3.6 Non-ideal Decoupling Circuit Diagram

In figure 3.6, the vias were modeled using inductance to ground. The actual inductance value was
finally computed from the Electromagnetic Simulation (EM) using momentum in ADS. The two
capacitors GQM21 and GRM32 are the Murata capacitors described in the first paragraph of this
section which are taken from Murata’s model library. The electrolytic capacitor is the model shown
in figure 3.5. The simulation result for the circuit shown in figure 3.6 is shown in figure 3.7
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Figure 3.7 Simulation Result for Non-lIdeal Decoupling

From the simulation result it can be seen that the non-ideal decoupling gives low enough impedance
to all relevant frequencies. This will isolate the PA from its power supply (PA only gets DC power from
the power supply)

3.3.2 Drain and Gate Circuit

3.3.2.1 Drain Circuit

The drain bias circuit discussed in section 2.4.2 is used for the design of these PAs. The length and the
width of the two microstrip lines (TL1 and TL2) were optimized so that they can be a A/4 line at
f.=1.8 GHz presenting very high impedance as seen from the transistor. The drain and gate circuits
for the transistor were designed separately. Symmetric configuration is used for the reason
explained in section 3.3.1 and the overall drain circuit is shown in figure 3.8,
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Figure 3.8 Drain circuit schematic

The drain circuit schematic seen in figure 3.8 is used for both transistors, but the actual values are
different, obtained by using the same goal discussed in section 3.3. The left side of figure 3.8 will be
connected to the external drain of the transistor and the right side will be connected to the 50 Q
load. The width of the microstrip line to the external drain was carefully optimized so that the
minimum width value should be greater than or equal to the width of transistor lead. This was done
to make sure that the transistor lead fits perfectly on the microstrip line by having few mm higher
margins.

For the transistor with internal decoupling, the width of the bias line without the snubber resistor
after optimization using ADS was 0.5 mm and for the one with snubber resistor it was 9.32 mm. For
the standard transistor, 6.485 mm and 7.91 mm were obtained for the quarter wave line without and
with snubber resistor respectively. The characteristic impedance of both lines for the two different
transistors can be analyzed using the standard idealized formula [4],

=t | Mo
Zo=, /wr (3.1)

where, t=substrate thickness 0.508 mm, w=width of the microstrip line, u,=permeability constant of
vacuum mt*4e-7 Vs/(Am) and ggp=dielectric constant of vacuum=8.854e-12 As/(Vm), g,= relative
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dielectric constant=3.66. The idealized formula gives a good accuracy if t is much smaller than w
which is not the case here. But it would be interesting to compare these results with the linecalc
functionality present in ADS (opposite to 3.1 where impedance is given to calculate the width). For
all the design the substrate used was Rogers 4350, which is shown in figure 3.9

MSub

MSUB
MSubl1
H=0.508 mm
Er=3.66
Mur=21
Cond=5.8e7
Hu=17 mm
T=0.05 mm
TanD=0.004
Rough=0 mm

Figure 3.9 Substrate definition for Roger s 4350

The characteristics impedances of the DC Feed lines for the transistor with internal decoupling was
Zo without,snubber=73Q with linecalc (200Q when using equation (3.1)) Zg with snubper=9Q With
linecalc (10.7Q when using equation (3.1)). The value of the optimum snubber resistor used to find
the smallest possible absolute magnitude of the resonance was Rgpypper=0.42 Q . For the standard
transistor, Zg without,snubber=13Q with linecalc (15.42Q when using equation
(3.1)), Zo with,snubber=10.7Q with linecalc (12.6Q when using equation (3.1)) and R ypper=8.4 Q.
From the above it can be seen that for t much smaller than w the results between the idealized
formula and linecalc are close enough. Whereas, when t and w are close then the results are very
different.

For matching and DC-block Murata library model capacitors were used. For the transistor with
internal decoupling GQM1885C2A2R0CB01 (0603, 2pF, 100V) was used for matching and
GQM2195C2A3R0CB0O1 (0805,3pF, 100V) was used as dc-block. For the standard transistor,
GQM1885C2A2R3CB0O1 (0603, 4.3pF, 100V) was used for matching and GQM2195C2A6R8DB01
(0805, 6.8pF, 100V) for DC-block. The layout of the drain circuit for both transistors is shown in figure
3.10 and figure 3.11
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Figure 3.10 Drain circuit Layout for the transistor with Internal Decoupling

The optimization goal is described in section 3.3. Each goal was implemented in ADS. For the first
goal, the minimum value of the impedance magnitude was set to 500 Q with no limitation to the
maximum which will be considered as open at the center frequency. For the second goal, the load
pull real and imaginary impedance values from (table 3.5) were set on the goal with + 0.1 for
maximum and minimum values respectively. For the third goal, the minimum intrinsic impedance
was set to 0Q and the maximum to 0.1Q over the whole baseband frequency (0 to 500 MHz). Goal 1
and goal 2 were satisfied 100 % except Goal 3 but the values obtained are the minimum possible.
From the load-pull, a few very oversimplified/idealized match designs were made. Which was like
simple shunt capacitance match and series capacitance match, not yet including bias circuits and not
yet necessarily DC block and not yet necessarily going to the finally wanted impedance level, but just
going to some simple purely real-valued impedance. By comparing the impedance obtained in a few
idealized matching circuits and the impedance the transistor package should see according to load-
pull a very first, very crude estimate of RF band-width is done. This turned out not too good, but at
least some ~50 MHz. The DC feed line without snubber resistor has much higher characteristic
impedance and thus much higher baseband inductance than the line with snubber resistor. The
resonance impedance will be the parallel combination of the inductance of the snubber line in series
with the snubber resistance, the package capacitance and inductance of the line without snubber
resistor. Since the inductance of the line with snubber resistor is much smaller, a reasonable
approximation at the baseband resonance should probably be the parallel combination of the
snubber resistance, the package capacitance, and the inductance of the line without snubber
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resistor. The absolute magnitude of this resonance impedance will thus be order of the snubber
resistor. At low frequency the line without snubber will short circuit the line with snubber resistor
since the flow of current chooses the path with least impedance. At the center frequency, both
quarter wave DC feed lines will present an open towards RF match. Due to this reason, ideally there
should not be any loss in the snubber resistors used at the second DC Feed line for both transistors.

Figure 3.11 Drain circuit Layout for the standard transistor

For the drain bias circuit of the standard transistor, the DC feed line without snubber resistor is
expected to have lower characteristic impedance for better base-bandwidth by increasing the
resonance frequency. The performance of the dc feed lines with and without snubber resistor are the
same as discussed for the transistor with internal decoupling.

3.3.2.2 Gate Circuit

According to transistor manufacturers which is consistent with load-pull measurements and package
low-frequency capacitance measurements on gate, the two transistors types differ only with the high
capacitance decoupling at the drain side on one of the transistors. For this reason, same gate circuit
design was used for both transistors. The schematic circuit design is shown in figure 3.12
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. RSnubber

R A/4 output
I :: —— | matching

To External Gate

|:> Non-ideal

decoulping

Figure 3.12 Gate Schematic Circuit Design for both transistors

The width of the quarter wave line is 8.9 mm and this corresponds to a characteristics impedance of
Zdc-feed,line=9.5Q with linecalc (11.2Q when using equation (3.1)). The optimum snubber resistor
value used for the least possible baseband resonance impedance was 6.6 Q. This resistor is expected
to have low dissipation in it since we don’t have high current on the gate side. The right side of
Figure3.12 will be connected to the external gate of the transistor and the left side will be connected
to the generator (source). Here also, the width of the microstrip line to the external gate was
carefully optimized so that the minimum width value should be greater than or equal to the width of
the transistor lead. This gate circuit is designed with same principles and goals as for the drain.
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3.3.2.3 Impedance measuring board

The design of both PA is based on the goal discussed in section 3.1. So in order to make sure if the
impedance of the boards are the same as the simulation, another three impedance measurement
boards were designed for the two drains and for the common gate. Each of the boards have two 50Q
SMA-connector ports. One port connects to an impedance transformer that transforms the 50 Q (line
width 0.5 mm) to the impedance 6 Q corresponding to the line width (13 mm) of the transistor leads.
The low-impedance end of the transformer connects to the external drain (or external gate)
reference plane. The other SMA port connects to this reference plane from the other direction via
the same drain (or gate) circuit as used in the PAs (the part of the drain or gate circuit external to the
transistor package). In order to characterize this transformer (and including connector) and de-
embed it in VNA measurement, Thru, Line, Reflect (TRL) boards were designed. The thru connection
is made by directly connecting the two identical transformers at the desired reference plane. The
reflect connection uses a load having a large reflection coefficient such as a nominal open or short.
The line connection involves connecting the two identical transformers together through a length of
matched transmission line [3]. The layouts for the impedance measurement boards and for the TRL
lines are shown in figure 3.13 and figure 3.14

Figure3.14 TRL structures
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Chapter 4

4. Simulation and Measurement Results

4.1 Simulation Results

The simulation process was taken in two steps. First the circuit design was simulated to lead to a close
enough approximation to the Electromagnetic (EM) simulation. Second Electromagnetic simulation
was carried out using momentum in ADS which gives close enough approximation to reality. As
described in section 3.3.2.1, the drain and gate circuit are designed and simulated independently. The
simulation setup for the drain circuit of both transistors is shown in Figure 4.1

T DC_Feed
|_Probe |_Probe DC_Feed3
11 10
SaveCurrent=yes SaveCurrent=yes
e h L
P
4 Vi 4 VO
|_AC
SRC1 C ] Layout Drain
Cf) lac=polar(1,0) A c6 Transistor X14 R
Freq=freq C=Cds| package R1
1 -!_<::| approximation R=50 Ohm
=
- Drain sub-circuit shown —
in Figure 3.8

Figure 4.1 AC-Simulation setup for drain circuit of both transistors (the transistor package circuit model
isexpected to be valid approximately at low frequency)

AC simulation was performed in order to see different impedance levels in different parts of the
circuit. The impedance Z1 (=V1/I1) represents the impedance seen from intrinsic drain of the
transistor, Z0(V0O/10) represents the impedance seen from the drain reference plane of the transistor
package and Z2 (=V2/12) which is on figure 3.8 is the impedance looking into the 4/4 DC-Feed line.

It is of course not accurate to just approximate the transistor package by just capacitance at high
frequency since the inductance of the bond wires is important at higher frequencies. For RF that is
not a problem since from load-pull the impedance that ought to be presented to the package (Z; in
this simulation) is known. But for the baseband performance evaluation, however, the best that can
be done with the data available is to use the total capacitance value in an approximation for the
impedance seen by intrinsic drain (Z; in this simulation). This is expected to be reasonably accurate at
low frequency, even though a problem here is that there is no data available to estimate how low
frequency is necessary for the approximation to neglect inductances (and resistances) of the package
to remain reasonably accurate.
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The same simulation control with only slightly different setup is used for the gate. For instance, Cds
is replaced by Cgs, Rload should be replaced by Rgenerator .After the circuit simulation, EM
simulation was performed by using the Rogers 4350 substrate model as described in section 3.3.2.1
and a component was created by using the EM dataset so that the model can be simulated and
compare the results with the circuit model.

The simulation results comparing circuit and Momentum simulation for all the three impedances
described above for the transistor with internal decoupling is shown in figure 4.2, 4.3 and 4.4
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figure 4.2: RF impedances as seen from external drain transistor package with internal decoupling
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Figure 4.3 Baseband impedance seen from intrinsic drain
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Figure 4.4 DC-Feed impedance seen from thetransistor external drain

For the RF match the design goal is Zext,drain=(3.37-j0.67)Q from the load-pull. From the simulation
results (figure 4.2) it is evident that the result obtained is quite the same. But for the other Load Pull
frequencies the values are quite different since the optimization is only done at 1805 MHz. For the
baseband impedance (figure 4.3) it can be seen that the least possible impedance peak obtained was
0.3 Q. The impedance seen into the DC-Feed line (figure 4.4) from the external drain approached
close to infinity at 1.8 GHz which will act almost as an open at RF frequency not affecting the RF
match. Only one of the DC-feed lines is presented here due to the fact that it was not possible to put
current probe on the EM dataset created component. This was because for the line with the snubber
resistor there was an internal port placed during the momentum simulation which will later enable to
connect the snubber resistor after the component is created. But for the line without snubber there
was no internal port placed when doing the simulation which implies that no pin is available to place
a probe after the component is created. Due to this the presented result in figure 4.4 is for the line
with snubber resistor.

The simulation results comparing circuit and Momentum simulation for all the three impedances
described above for the transistor without internal decoupling is shown in figure 4.5, 4.6 and 4.7
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figure 4.5 RF impedances seen from the transistor external drain standard transistor package
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Figure 4.7 DC-Feed | mpedance seen from the transistor external drain

For the RF match the design goal is Zext,drain=(2.07-j1.39)Q from the load-pull. From the simulation
results (figure 4.5) it is evident that the result obtained is quite the same. But for the other Load Pull
frequencies the values are quite different since the optimization is only done at 1805 MHz. For the
baseband impedance (figure 4.6) it can be seen that the least possible impedance peak obtained was
12 Q which is significantly higher than the impedance variation seen from the transistor with internal
decoupling in figure 4.3. The impedance seen into the DC-Feed line (figure 4.7) from the external
drain approached close to infinity at 1.8 GHz which will act almost as an open at RF frequency not
affecting the RF match.

For gate of both transistors the simulation results obtained both for the circuit and momentum
model is shown in figure 4.8, 4.9, 4.10
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Figure 4.8 Impedances seen from thetransistor external gate transistor package
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Figure 4.10 DC-Feed | mpedance seen from the transistor external gate

For the RF match the design goal is Zext,gate=(1.36-j4.57)Q from the load-pull. From the simulation
results (figure 4.8) it is evident that the result obtained is quite the same. But for the other Load Pull
frequencies the values are quite different since the optimization is only done at 1805 MHz. For the
baseband impedance (figure 4.9) it can be seen that the least possible impedance peak obtained was
3.4 Q which is not that much of a problem since there is no high current on the gate side. This also
proves the theory discussed in section 2.4.1 and 3.3.1: the least impedance seen at 0 Hz in this model
is the series snubber resistor which was 6 Q, using symmetric configuration decreases the resistance
by half since now we have 3 Q at 0 Hz. The impedance seen into the DC-Feed line (figure 4.10) from
the external gate approached close to infinity which will act almost as an open at RF frequency not
affecting the RF match.

To clearly see the effects of the snubber resistors, each drain model snubber resistors were short
circuited. The corresponding simulation result as compared to the optimal snubber resistors value for
both transistors is shown in figure 4.11 and 4.12

42



Bias Circuit for RF Power Amplifiers

m4

0.6

0.5—

0.4—|

m4 Rsnubber Shorted
freq=13.00MHz

mag(snl..21)=0.570
Peak

Optimal Rsnubber

0.3—

ml
freq=11.00MHz

mag(EM_Intrinsic_Drain..Z1)=0.315
Peak

0.2—

0.1+

mag(EM_lIntrinsic_Drain..Z1)
mag(snl..Z1)

0.0—7

Figure 4.11 Baseband I mpedance for thetransistor with internal decoupling comparing shorting the
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Figure 4.12 Baseband I mpedance for the standard transistor comparing shorting the snubber resistor
with optimal resistor value

4.2 Measurement Results
The generated layout was sent to fabrication which was then measured in the lab. The assembled PA
for the transistor with internal decoupling is shown in figure 4.13
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Figure 4.13 Thewhole PA assembled together for thetransistor with internal decoupling

For the snubber resistors on the drain side, 0.4 Q was not found in the lab so two 1 Q resistors were
used in parallel. Two 680 uF electrolytic capacitors were used in total for the drain (two on
symmetrical configuration) and gate (one for the upper bias line) low baseband frequency
decoupling. For the gate side, 6 Q snubber resistor was not found so 6.8 was used instead which did
not affect the baseband impedance much when tested on simulation.

The assembled PA for the standard transistor is shown in figure 4.14

Figure 4.14 The whole PA assembled together for the standard transistor

Here also, the snubber resistors value 8.4 Q was not found so two 18 Q resistors were used in

parallel.

4.2.1 Stability Test
The first measurement test for both PA’s was stability test to check if the PA is stable. The

measurement setup is shown in figure 4.15
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Figure 4.15 Setup for Stability test

In figure 4.15, Input of the PA SMA was terminated with 50 ohm and PA output SMA to 50 Q, 500 W
attenuator (20dB) and from that to the spectrum analyzer. The 50 dB attenuation seen in figure 4.15
is from the fact that 30dB attenuation was added not to reach the spectrum analyzer’s damage level.
The drain and the gate were biased at 26 V and 2.55 V (corresponding to 1dq=0.457 A) respectively.
The measurement result showed only noise on the spectrum analyzer as expected since the PA
shouldn’t amplify anything without input. To check instability first only gate bias is increased while
leaving drain bias at 26 V. Due to current limitation (maximum 2A) in the multi-meter at the
maximum ldq that was possible no oscillations were observed. Next, the drain bias was decreased
and gate bias was increased gradually to the level, Vdrain=2V and Vgate=2.8V. At the described bias
point oscillation was observed at 788 MHz and 1.6 GHz as shown in figure 4.16

NARKER 2 «RBW 300 kHz Marker 2 (T4 ]
288.4615385 MHz UBW 1 MHz -25.94 dBm

Ref 40 dBm Att 35 B SWT 170 ms 788.461538462 I'Hz
Offset 30 B Marker 1 [T1 ]

CLRUR

Start O Hz Stop 6 GHz

Figure 4.16 I nstability observationsfor thetransistor with internal decoupling

The measurement result shown in figure 4.16 is for the transistor with internal decoupling. This
amplifier is stable enough, only at Vdd very far from intended are any self-oscillations observed. For
the standard transistor, instability cannot be observed due to multimeter current limitation of 2 A.
This can indicate that the transistor might have self oscillation for Idq greater than 2A but is definitely
stable enough.
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4.2.2 Small Signal Measurement
The first test of gain and gate RF impedance match was made by a VNA (Vector Network Analyzer).
The measurement setup is shown in figure 4.17

VNA

O Va(2.55v)

Multi-
Meter

vdd (26V)

Figure 4.17 Small signal M easurement Setup

In figure 4.17, input of the PA SMA was connected to calibrate (which was calibrated using e-cal one
port) VNA port one. PA output SMA is connected via 500 W attenuator to port two which was
calibrated using thru response calibration of VNA. This calibration is required for transmission (gain in
this case) test. This measurement gives a test if the amplifier is working in the first place and a real
test of gate match and small-signal gain. To see if the PA is working, the gate voltage was varied and
the gain was recorded accordingly. These values were recorded and shown in the table 4.1

2.7 26 1.13 16.9

2.66 26 0.87 15.9
2.6 26 0.645 14.9
2.55 26 0.457 13.9
2.45 26 0.208 9.68
2.4 26 0.134 7.23
2.29 26 0.0044 0

Table 4.1 Gate voltage varied, Gain and Idq was recorded for transistor with internal decoupling at 1.8 GHz
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From table 4.1 it can be seen that the transistor threshold is at Vg=2.29 V. The return loss was also
recorded observing port 1 of the VNA. The response of the two ports is shown in figure 4.18

Figure4.18 Port 1 returnlossand Port 2 Gain at Vg=2.55V and Vdd=26 V

From figure 4.18 it can be seen that around the center frequency the return loss is 16 dB which
shows the input match is quite good.

For the standard transistor the same measurement was carried out and the result obtained was
recorded and shown in table 4.2

2.7 26 1.23 16.4

2.66 26 0.989 15.8
2.6 26 0.650 14.4
2.55 26 0.464 13.9
2.45 26 0.208 9.68
2.4 26 0.152 7
2.3 26 0.00556 0

Table 4.2 Gate voltage varied, Gain and Idq was recorded for the standard transistor at 1.8 GHz

From Table 4.2 it can be seen that the transistor threshold is at Vg=2.3. The insertion loss was the
same since the same gate circuit was used for both transistors.
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4.2.3 Pulsed Continuous Wave (CW) measurement

Large signal RF test: Pulsed CW was used for this purpose. The main reason to pulse the signal is to
avoid the transistor being overheated. Pulse width of 10 pus and 10 % duty cycle was used. The
measurement setup for this purpose is shown in figure 4.19

Splitter Fl,rc\,va:r
Meter
20dB Spectrum
Analyser
Signal
Computer — Generator Pre- Coupler Coupler —
Amp
(8
30dB

%

Multi- LPF
Meter
Output
vdd (26V
(26V) Power
Meter

Figure 4.19 M easurement Setup for Pulsed CW with RF power Meters

In figure 4.19, the measurement setup used for the CW measurement is seen. The pre-amplifier is
used to make sure sufficient input power is delivered to the DUT since its gain is low. The two power
meters are used to sense the input and output power levels. The low pass filter (LPF) was used to
make sure that only the fundamental RF is sensed by the output RF power meter. Both couplers used
have 20 dB coupling. Matlab GPIB program was used to control each equipment by sending device
specific programming commands. Before the measurement, calibration was made by setting input
and output offsets so that the input and output reference plane move to the input and output of the
DUT. After doing so, the pulsed CW measurement was performed. For this measurement the power
supply was set to 27 V, so that after DC cable loss the PA was biased at 26V gate bias of 2.66 V
(corresponding to 1dg=0.9A ) was used. This class of biasing is maximum linearity class AB while the
previous bias (26 V and 2.55 V) is lower class AB which is closer to class B. There was a specific
program written in matlab for doing so. The pulse can be seen in figure 4.20
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Figure 4.20.a Unit Pulseinput signal with 10% duty cycle
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Figure 4.20.b Unit Pulse output signal

The red and blue plots in figure 4.20.a are the complex input signals (i.e the digital signal in the
controlling computer). From figure 4.20.b it is verified that the output pulse is close enough to
rectangular. When the PA with internal decoupling was first tested a frequency and power sweep
was performed from 1.7 to 1.9 GHz and from -20 to 0 dBm respectively at pre-amplifier input. The
efficiency obtained was not satisfactory (55%) so manual tuning was performed at the center
frequency on the board by changing the position and the value of matching capacitors. The original
capacitors used in the simulation are described in section 3.3.2.1. The desired RF performance was
obtained at the same value capacitors (GQM2195C2E3R3BB12, 3.3pF, 250 V) for matching and
DC_block. The matching capacitors were soldered a few millimeters to the left from the simulated
place. One of the reasons for not getting the RF match as the simulation would be the capacitor
models used in the simulation might not be good enough. Maximum Output Power [W], Efficiency,
Gain [dB] vs frequency, and Gain vs. output voltage is shown in the following plots respectively.
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Figure 4.21 Maximum RF Output Power [W] Vs. Frequency [GHZ] for thetransistor with

internal decoupling (129 W at 1.8 GHz)

0.65

Figure 4.22 Maximum Efficiency Vs. Frequency [GHZ] for thetransistor with internal decoupling

(61% at 1.8 GHz)

50



Bias Circuit for RF Power Amplifiers

18

I
|
] S e A -
|
)
|

161 - - -

14F - - -

[ [ I [ I I
| | | | | |
| | | | | |
[ T r T ~ ~
| | | | | |
| | | | | |
15—+ ===~ = =~ — 4= — 4= = -

| | | | |
| | | | | |
| 4 L -4 L L
| | | | |

| | | | |

| | | |

Bp--do- AL

L e it e S

1UE - -

18 T T T

7h-—-—-—-L-—

16F - -

14f - - -

| |
| |
| |
1 T
| |
| |
15F - —-d--+%-—
| |
| |
| +
| I
| |
| |

1B -l

|
|
0 e ) e T R —
|
|
|

1| e "1 -

T

| |

| |
100F---——+—-——

|

I

1

Figure 4.24 Gain [dB] Versus Amplitude Output Voltage [V] in 50Q for different frequency sweep for the
transistor with internal decoupling

From the above four figures, it can be seen that the load/Source Pull RF performance was achieved
which was Pout=50 dBm, n=58.5% and Gain=14 dB. The performance obtained is even better which
is because of higher bias point. Figure 4.22, which is the efficiency plot shows that the performance is
quite broadband which is consistent with the fact that the PA is designed for the best efficiency.
Whereas figure 4.21, which is the maximum output power over the given power sweeps, shows that
the performance is quite narrow band or it is not as broadband as the efficiency performance.

Some approximate conclusion are made to what RF bandwidth is achieved, this of course depends on
criterion but if maximum output power (figure 4.21) 120 W (down from 130 W) accepted as
somewhat ad-hoc rough first estimate criterion, then RF bandwidth seems to be approximately 50
MHz for the drain circuit. The approximated maximum efficiency (figure 4.22) bandwidth at 58%
(down from 61%) is around 70 MHz. For the maximum small signal gain (figure 4.23) and at 1dB
compression the approximated bandwidth is 70 MHz.
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The same procedure was carried out for the standard transistor and at first the efficiency was quite
low (50%). So as the previous PA case, manual tuning was performed at the center frequency on the
board using the same technique. Here it took much time to get a good enough RF performance. At
the end due to the scope of the project which focuses on baseband impedance and lack of time the
results obtained are taken as a good enough results. The best efficiency obtained at the center
frequency was 55 %. The match and DC_block capacitors are GQM1875C2ESR6BB12 (5.6pF, 250V)
and GQM2195C2A6R2DBO01 (6.2pF, 100V). The matching capacitors were soldered a few millimeters
to the left from the simulated place. The four most important plots which were described for the
transistor with internal decoupling are shown below
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Figure 4.25 Maximum RF Output Power [W] Vs. Frequency [GHZ] for the standard transistor
(105W at 1.8 GHz)
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Figure 4.26 Maximum Efficiency Vs. Frequency [GHZ] for the standard transistor
(55% at 1.8 GHz)
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Figure 4.28 Gain [dB] Versus Amplitude Output Voltage [V] in 50Q for different frequency for the
standard transistor

From the above four figures, it can be seen that the load/Source Pull RF performance was not fully
achieved for the efficiency which was, n=58.2% , the maximum efficiency at the center frequency
was 55% which was not too bad. But the output power and gain were satisfied which were
Pout=50.54 dBm, and Gain=14 dB. Figure 4.26, which is the efficiency plot, shows that the
performance is quite broadband which is consistent with the fact that the PA is designed for the best
efficiency. Whereas figure 4.25, which is the maximum output power over the given power sweeps,
shows that the performance is quite narrow band or it is not as broadband as the efficiency
performance.

Some approximate conclusion are made to what RF bandwidth is achieved, if maximum output
power (figure 4.25) 90 W (down from 110 W) accepted as somewhat ad-hoc rough first estimate
criterion, then RF bandwidth seems to be approximately 45 MHz for the drain circuit. The
approximated maximum efficiency (figure 4.26) bandwidth at 55% is around 60 MHz. For the
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maximum small signal gain (figure 4.27) and at 1dB compression the approximated bandwidth is 45
MHz.

4.2.4 Two-tone measurement

For this measurement the modulation frequency (f,,;) was swept from 1 to 50 MHz and thus tone-
spacing = 2*fm from 2 to 100 MHz. Also different input power levels were used which were Pin = [8
13 18 22] dBm. The above sweep was done at different center frequency f.=[1.78 1.8 1.82 1.84] GHz.
To see the baseband drain voltage variation a probe component was placed on the drain of both PA
boards. The circuit diagram for this probe is shown in figure 4.29

-«

Drain

>

47

|

N
100 470 To 50 ohm
instrument

— 10 p

Figure 4.29 Probe componentsto be mounted on the PA board [6]

On the layout design, small islands were created for these components to be mounted on. These
probe components have a property of a band pass filter in which it passes the AC baseband
frequency components and block the DC and RF frequency components. The picture of the
components soldered on the board is shown in figure 4.30

Figure 4.30 Probe components mounted on the PA board
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After the probe components were soldered then a short coaxial cable with SMA connector was
soldered which will be connected to the oscilloscope to see the baseband drain voltage variation.
This probe is shown in figure 4.31

Figure 4.31 Baseband Probe used to connect to Oscilloscope

From this measurement it was possible to see the IM3 variation and baseband voltage variation
versus tone spacing. The results presented here are for two center frequencies and also for the
highest power level. These results are presented in figure 4.32 and 4.33 for different center

frequency

-
IM3[dbc] 1.8 GHz

=z = Lower Side-band l‘

I Upper Side-band
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) I T M
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Vd(2fm)
——— Vd(afm)
Vd(6fm)

Vim

Figure 4.32 IM3 variation and baseband voltage variation ver sustone spacing and modulation frequency
for the transistor with internal decoupling for Pin=22dBm center at 1.8 GHz
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Figure 4.33 IM 3 variation and baseband voltage variation ver sustone spacing and modulation frequency
for thetransistor with internal decoupling for Pin=22dBm center at 1.84 GHz

From figure 4.32 and figure 4.33, it can be seen that there is some bandwidth limitation since both
the IM3 products are not at the same power level. And also from that they are frequency dependent.
In the drain voltage variation of both figures, the three different plots show variation for the
fundamental, second and third harmonic of the fundamental baseband voltage (2f,,) computed by
fourier transformation from oscilloscope values. Small voltage spikes are seen at around 15 and 30
MHz modulation frequency (corresponding to 30 and 60MHz tone spacing respectively) for the
fundamental baseband voltage. The same corresponding variation is seen on the IM3 products at the
same tone spacing described. This shows that the variation in IM3 is caused by baseband voltage
variation. From different power sweeps it was observed that the higher the signal amplitudes, the
more pronounced the effect of the nonlinearities, and the stronger the inter-modulation.

56



Bias Circuit for RF Power Amplifiers

Lower sideband

_
S .
2
“o 10 20 30 40 50 60 70 80 90 100
2*fm [MHz]
Baseband drain voltage
=
3 ’
30 35 40 45 50

25
fm [MHz]

Figure 4.34 IM 3 variation and baseband voltage variation ver sustone spacing and modulation frequency
for the standard transistor for Pin=22dBm center at 1.8 GHz
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Figure 4.35 IM 3 variation and baseband voltage variation ver sus tone spacing and modulation frequency
for the standard transistor for Pin=22dBm center at 1.84 GHz

From figure 4.34 it can be seen that for the second and third harmonic corresponding to modulation
(baseband) frequency around 45 MHz (2*(2*fm)=180 MHZ) and 30 MHz (3*(2*fm)=180 MHz) there is
variation in baseband voltage. This variation can be seen causing another variation in the IM3 plot at
(2*fm)=90 MHz and (2*fm)=60 MHz respectively.

From the above two tone measurement results, even though the transistor with internal decoupling
show less variation in voltage, there was a voltage variation for both transistors. The difference in
IM3 products power level is less for the standard transistor than for the transistor with internal

decoupling.
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4.2.5 Impedance Measurement

4.2.5.1 Baseband Impedance Measurement

The main aim of this thesis work is to study the baseband impedance and provide a solution for this
problem. To do this, baseband impedance was measured for both transistors by the use of a probe.
The probe was directly soldered very close to the drain and gate of the transistor package and it was
then connected to VNA through DC block. The input and output SMA of the PA was terminated with
50 Q. The probe can be seen in figure 4.36. It consists of simply two short 50Q coaxial cables with
SMA connectors.

Figure 4.36 Picture of Probe used to measur e Baseband | mpedance

The baseband drain impedance comparison of the measurement with the EM simulation for the
transistor with internal decoupling is presented in figure 4.37
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Figure 4.37.a Comparison between M easurement and Simulation for the Baseband drain impedance
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Figure 4.37.b Comparison between M easurement and Simulation for the Baseband drain impedance
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Figure 4.37.c Comparison between M easurement and Simulation for the Baseband drain impedance

From figure 4.38, it can be seen that the measurement and the simulation results are quite close
below approximately 5 MHz and different for other frequencies.
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Figure 4.38 Baseband drain voltage variation compared with baseband impedance variation for the
transistor with internal decoupling

From figure 4.38 it can be seen that for the very low frequencies where we have fast increase in
baseband impedance, we also have fast increase in baseband drain voltage. But for somewhat higher
frequencies with slower increase of impedance there is also a slower increasing baseband drain
voltage variation. This shows a good consistency in the result.

The baseband impedance measurement obtained from the transistor manufacturer for non

optimized board is shown in figure 4.39

61



Bias Circuit for RF Power Amplifiers

20 i’nq
0] 1
10 ] reaI(Z_D__g‘t,__..SZl)
20] " _"::.T.'.,-—-m—-___\\\\“
- m4 .
1 | freq=383.0MHz imag(Z_Dut_S1)
] rea gz_Dut_821):15.956 b
] Pea ~
1 1 1 1 1 1 1

3 53 10 153 20% 25% 30% 355 40% 45% 50(
freq. MHz

Figure 4.39 Baseband drain real and imaginary impedance measurements from the transistor
manufacturer

Figure 4.39 shows that the impedance curve is similar to the measurement result shown in figure
4.38 but the magnitude of resonance is decreased significantly from 16 Q to 2 Q.

The baseband drain impedance comparison of the measurement with the EM simulation for the
standard transistor is presented in figure 4.40
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Figure 4.40.a Comparison between M easurement and Simulation for the Baseband drain impedance
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Figure 4.40.b Comparison between M easurement and Simulation for the Baseband drain impedance
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Figure 4.40.c Comparison between M easurement and Simulation for the Baseband drain impedance

From figure 4.40 it can be seen that, measured and simulated resonance frequencies are rather close
but the measurement is lossier since the magnitude of the baseband impedance is decreased from
11Qto 4Q.
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Figure 4.40.d Baseband drain voltage variation compared with baseband impedance variation for the
standard transistor

Figure 4.40.d shows a baseband impedance resonance at 170 MHz, at this same frequency there is a
strong voltage variation seen in the second and third harmonic of the fundamental baseband drain
voltage.

The baseband gate impedance comparison of the measurement with the EM simulation for both
transistors is presented in figure 4.41
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Figure 4.41.a Comparison between M easurement and Simulation for the Baseband gate impedance
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From figure 4.41 it can be seen the measurement and the

simulated (340 MHz) and they have quite different shape for

good enough approximation for the very low baseband

The baseband impedance measurement was again carried out by increasing the optimal snubber
resistor value and then short circuiting it with a small piece of metal. This measurement will help to
see how much the snubber resistor attenuated the resonance. The measurement results for the
standard transistor and for the transistor with internal decoupling is shown in figure 4.42 and 4.43

respectively
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From figure 4.42 and 4.43 it can be seen that when increasing the resistor value, the magnitude of
the resonance increases, and the same is seen to be the case when it is short circuited. The effect is
quite small for the transistor with internal decoupling than the standard transistor.

4.2.5.2 RF Impedance Measurement

The impedance measurement boards discussed in section 3.3.2.3 is used for this measurement. The
picture of the drain impedance measurement board for the transistor with internal decoupling and
the TRL structures are shown in figures 4.44 and 4.45

Figure 4.44 Drain impedance measur ement board for thetransistor with internal decoupling
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Figure4.45 TRL structures

The simulation result for the tuned board capacitor values shows that the RF match impedances
should be (2.082+j*1.114) at 1.8 GHz. For the measurement of impedance using VNA, a matlab
written algorithm was used for de-embedding the transformer using the measurement results of the
TRL structure. The obtained result comparing measurement and simulation over the whole
simulation frequency is shown in figure 4.46
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Figure 4.46.a Real and Imaginary drain impedance comparison between simulation and measur ement
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Figure 4.46.b Real and Imaginary drain impedance comparison between simulation and measurement
results
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From figure 4.46 it can be seen that the simulation model and the model board are rather similar at
baseband and around RF frequencies, although there are significant differences between the exact
values. For the frequencies in between they have the same overall shape but the resonances happen
at different frequencies and large differences also in strengths. This might be one of the reasons why

additional manual tuning was needed.

The picture of the drain impedance measurement board for the standard transistor is shown in figure

4.47

The obtained result comparing measurement and simulation for the tuned capacitor values over the

Figure 4.47 Drain impedance measur ement board for the standard transistor

whole simulation frequency is shown in figure 4.48
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Figure 4.48.b Real and Imaginary drain impedance comparison between simulation and measurement
results

From figure 4.48 it can be seen that the simulation model and the model board are quite similar at
baseband and around RF frequencies as the transistor with internal decoupling case. For the
frequencies in between they have overall the same shape but the resonances happen at somewhat
different frequencies and somewhat different strengths. This might be one of the reasons why
additional manual tuning was needed.

The picture of the gate impedance measurement board f of both transistors is shown in figure 4.49

Figure 4.49 Gate impedance measur ement board for the transistor with internal decoupling

The obtained result comparing measurement and simulation over the whole simulation frequency is
shown in figure 4.50
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Figure 4.50.b Real and I maginary gate impedance comparison between simulation and measur ement
results

From figure 4.50 it can be seen that the simulation model and the model board are quite similar at all
frequencies except for that the measured resonance at approximately 1.05 GHz is much weaker than
the corresponding simulated resonance at approximately 1.25 GHz. This shows that the input match
was good which was also proved and discussed in section 4.22.

4.2.5.3 Other interesting simulations and measurements

Since the baseband impedance is so much different for the simulation and measurement other
investigations were necessary to make sure where the difference is coming from. Also, it was
necessary to check if the snubber resistors heat up to make sure if power is being dissipated in them

4.2.5.3.1 Investigating baseband impedance differences in measurement and
simulation

For this investigation the procedure followed was first to measure the S-parameter of the drain/gate
impedance board discussed in section 3.3.2.3 using VNA. After doing so, the transformer discussed in
the same section was de-embedded using its characterized S-parameters. This process will move the
reference plane to external drain/gate, which will give the whole part of the drain/gate circuit
outside the drain/gate reference plane of the package. In principle if the transistor drain/gate
package is approximated by a capacitance (which is the case when doing all the simulations), then
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the simulation result when this S-parameter model is simulated should be quite similar to either the

simulation result or the measurement result. The simulation setup is shown in figure 4.51
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PoriMapping Type=Standard

Figure 4.51 Simulation setup showing de-embedded transformer and drain S-parameter

In figure 4.51, SNP1 is a component in ADS which is used to read .s2p file for the two port S-
parameter of the whole drain/gate impedance test board, SNP2 is a de-embedding component which

is the inverse S-parameters of the transformer. Thus the cascade of SNP1 and SNP2 gives the

measured S-parameters of the board part of the drain/gate circuit. The simulation results both for

using S-parameter of the board together with transistor drain package capacitance and the original

simulation results are shown below for both drains and for the gate
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Figure 4.52.a Comparison between original smulation result and transistor drain s-parameter
measur ement together with approximated drain package capacitance for the transistor with decoupling
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Figure 4.52.b Comparison between original simulation result and transistor drain s-parameter
measur ement together with approximated drain package capacitance for the transistor with decoupling
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Figure 4.53.a Comparison between original smulation result and transistor drain s-parameter
measur ement together with approximated drain package capacitance for the standard transistor
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Figure 4.53.b Comparison between original simulation result and transistor drain s-parameter
measur ement together with approximated drain package capacitance for the standard transistor
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Figure 4.54.a Comparison between original simulation result, transistor gate s-parameter measurement
together with approximated gate package capacitance for both transistors
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Figure 4.54.b Comparison between original simulation result, transistor gate s-parameter measur ement
together with approximated gate package capacitance for both transistors and measur ement

From the above three figures (4.52,.53,.54), it can be seen that when the transistor package is
approximated with a capacitance and simulated using the measured S-parameter of the board, it is
quite similar to the simulation results. But the results are quite different for the very low frequencies.
This difference is cause because the TRL algorithm frequencies start from 300 kHz and the next data
point is 7 MHz, so ADS will interpolate the values in between which is not correct.

4.2.5.3.2 Infrared Camera Measurement

The snubber resistors used in the drain circuit of the two transistors should ideally have zero loss.
This is due to the fact that the line with snubber resistor will be short circuited by the line without
the snubber resistor for lower frequencies and both lines will be open circuit at the design RF
frequency. This measurement was done by using infrared camera and checking if the resistor is
heating up or not. The duty cycle for the CW measurement discussed in section 4.2.3 was 10 % but
now the duty cycle was increased to heat up the PA and check if there is any dissipation in the
snubber resistors. First the snubber resistors were coated with a black spray which has emissivity of
0.965 which is quite close to a black body emissivity which is 1. This coating will help in creating a
uniform surface emissivity so that relative ability of the surface to emit energy by radiation is also
uniform. The photo of the snubber resistors coated is shown in figure 4.55
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Figure 4.55 Snubber resistors coated with a black spray with emissivity of 0.965

The infrared camera pictures before the PA starts working and the plot of this picture is shown
below

:l;

Arl min 22 3 max 29.2

'\»

Ar2 mln 22.3 max 28.9

Figure 4.56 Infrared camera picture of the snubber resistorsfor thetransistor with internal decoupling
with the PA off
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Temperature variation in the snubber
resistor when the PA was off
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Figure 4.57 Plot of exported data from Figure 4.56(Temper ature variation versus number of data)

From figure 4.57, it can be seen that the maximum temperature is around 30°C and the minimum is
around 20°C . The same result was obtained for the standard transistor since both are at the same
room temperature. Once the PA starts working with a higher duty cycle, again another picture was
taken for both transistors. This is shown in figure 4.58

Arl min 27.3 max 39.2

Ar2 min 28.7 max 38.9

Figure 4.58 Infrared camera picture of the snubber resistorsfor thetransistor with internal decoupling
PA running with 30% duty cycle
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Temperature variation in the snubber resistor
when the PA was run with higher duty cycle
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Figure 4.59 Plot of exported data from Figure 4.58 (Temperature variation versus number of data)

From figure 4.58 and 4.59 it can be seen that éhgperature variation in the snubber resistors is
between26°Cc and40°C . The same result was obtained for the standamsistor so it was not
included in this section to avoid redundancy
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Chapter 5

5.1 Discussion and Conclusion

Bias circuits affect the performance of RF PA by causing variation in the baseband impedance which
together with RF current varies the baseband voltage. The effects of different bias circuits were
discussed. Two prototype transistors (without package information) were thoroughly and carefully
studied including RF and baseband performance, with emphasis given to baseband performance. The
first transistor was with drain internal decoupling and the other one was standard transistor.
Snubber circuit was used to attenuate the resonance caused by the DC-Feed line together with the
transistor gate or drain capacitance. This snubber circuit consists of a A/4 DC-Feed line together with
a resistor called a snubber resistor. In order for the bias circuit not to affect the RF match, the A/4 DC-
Feed line should be carefully designed. There is a specific optimal value of the snubber resistor which
gives the smallest possible baseband impedance. From the design it was noticed that the optimized
value of the characteristic impedance A/4 DC-Feed line (without snubber resistor) is much higher for
the transistor with internal decoupling than for the standard transistor.

Load Pull measurement RF impedance and the final tuned board RF impedance values were different
for both transistors. This can be due to measurement error in load pull or TRL calibration error while
characterizing the impedance transformer for the impedance measurement board. From load pull
measurement it was proven that both transistors have the same RF performance. This performance
was obtained for the CW measurement on test PA with internal decoupling transistor but for the
standard transistor the RF match was not perfectly found. Due to lack of time and the scope of the
project which is the baseband performance the results obtained were taken as final results. Even
though much attention was given to base-band-width, from some preliminary analysis using load pull
data and measurement results it was evident that the RF bandwidth of both transistors is package
limited. From the two tone measurement, there was a voltage variation for both transistors but for
the standard transistor the magnitude of voltage variation was more pronounced. At approximately
same frequencies where baseband drain voltage variation occurred, there is also a variation in IM3
products for both transistors. This measurement result is fairly the same when other center
frequency is also used which indicates the variation might be caused from baseband resonance.

For the baseband performance, as expected the transistor with internal decoupling exhibits lower
impedance variation while the standard transistor shows a higher and narrow resonance peak which
would be hard to pre-distort. These resonances for both transistors were also witnessed in causing
baseband drain voltage variation at the same frequency as the baseband impedance resonance. This
result shows consistency and proves the theory why studying baseband impedance is necessary. The
simulation and the measurement results for the baseband impedance are significantly different
except for very low baseband frequencies since for the simulation the transistor package was
approximated only with drain/gate capacitance. Another study was performed by simulating the
measured S-parameter of the drain/gate board and the same drain/gate capacitance. This result was
quite similar with the simulation where the transistor package was approximated with capacitance.
This can prove that a better transistor package model is needed to simulate base-band effects over
the relevant frequency interval. So from this it is evident that approximating the transistor with only
a capacitance is not a good enough approximation. To see the effect of the snubber resistors, there
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was a test made by short circuiting the line with a piece of metal and by increasing the snubber
resistor value from the optimum value found with optimization. The result shows that the resonance
peak will increase for both cases. This indicates that despite the problem with accuracy of the
transistor model (at relevantly high frequency) used to optimize snubber resistor value, the chosen
values seen to be close to optimium. The snubber resistors ideally should not have any loss since at
low frequency the snubber line (A/4 line in series with snubber resistor) will be short circuited with
the second non-snubber (A/4 line only) line and at high frequency both lines are open circuit.
Infrared camera was used to check if the snubber resistors are being heated up which indicates loss
in the circuit. This measurement shows that there is 10°C difference between the PA turned off and
on with higher duty cycle.

5.2 Future Work

For future work, more emphasis can be given to study RF bandwidth together with base-band-width.
Optimization can be done with emphasis given to RF bandwidth along with optimization goals
discussed in this report

. During CW measurement, the power supply bias level was increased to compensate for cable
losses. But in the future the best is to use a four-terminal power supply, two terminals for the power
output (+ and -) and two for sensing the output voltage. And to connect the sensing terminals with
separate cables directly at the PA big decoupling capacitors. Then the power supply will
automatically compensate for the DC cable losses. Because to keep exactly that same drain bias at
the PA with lossy DC cables the power supply has to output different voltages for different output RF
amplitudes.

For Infrared camera measurement, the measurement was only taken at the center frequency but it
would be good to have measurements for at least three frequencies: design centre frequency, low
and high end of RF bandwidth. It would also be good to try to find out some way to calibrate the
temperature increase to dissipated power. Also the size of the PA can be optimized more since both
fabricated test PAs are large in size when compared to the traditional PA sizes.
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EM Electro-magnetic

Freq., f Frequency

Hz, GHz Hertz, Giga-Hertz

i Current

ldq Quiescent Drain Current
IM Inter-modulation

L Inductance

LDMOS Laterally Diffused Metal Oxide Semiconductor
LP Load-Pull

m, mm,um metres, mili-meter,micro-metres

P Power
PA Power Amplifier
R Resistance

86



Bias Circuit for RF Power Amplifiers

RF Radio Frequency

S-parameters Scattering Parameters
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