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Abstract — High efficiency power amplifier design criteria
imply the synthesis of input and output networks with
particular care on their harmenic behavior. In this paper, a
simplified approach to clarify the relevance of such
terminations is presented. In particular, design criteria to
improve efficiency for high frequency application will be
discussed. Finally, to validate the proposed analysis
comparison between realised amplifiers are shown.

1. INTRODUCTION

In high efficiency Power Amplifier (PA) design, a
crucial step is in the synthesis of both the input and output
networks, accounting not only for fundamental load
impedance but also for their harmonic behavior [1,3].
Nevertheless, the role of the harmonic terminations is not
yet completely understood, especially for the input
network, generally resulting in experimental considerations
rather than in design criteria. Moreover, the design of the
harmonic terminations becomes very important when the
operating frequency increase, therefore limiting the number
of harmonics that can be successfully controlled. The aim
of this contribution is to infer some useful criteria for the
design of input and output networks of high efficiency and

high frequency power amplifiers.
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where Poynr (n21) is the output power delivered from the
active device to the output network, at all the harmonic
frequency components, while Py is the dissipated power
on the device itself. Thus, to maximize drain efficiency it is
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maximization of the fundamental drain voltage component,
with the constraint that the resulting voltage waveform has
to be physically consistent. In this way, it is possible to
split the load networks design criteria; the input network
will control the current generating mechanisms, while
output network will maximize fundamental output power
Pous. If a periodic steady state is assumed, the drain current
waveform is expressed as:
ins (1) =1, + 3.1, cos(nwx) )
n=1

while the drain voltage has to account for the practical
limitations due both to the device intrinsic capacitive
behavior and increase in circuit complexity (compared with
minor benefits), practically limiting the output harmonic
termination control up to 3f. The drain voltage waveform is
therefore expressed as:

Vs (’) =Vpp
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where k, = —VT , k3= v @)

and the voltage and current harmonic components are
related by the output harmonic terminations (assumed
resistive for simplicity)
’ ns
Ry =7 ©)
In this simplified analysis, the effect of the active device
drain to source internal resistance R, acting as an upper
limit for the load resistance feasible values, has been
neglected. Assuming an imposed drain current (i.e. fixed I,
components), the problem of maximizing 7 is transformed
in the selection of k; and k; values maximizing V,, with the
boundary condition 0<v, (¢)<V,, where Vgp is the

device breakdown voltage. The problem has been managed
in the past [4], and the results are summarized in Table 1.
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In this table, Voltage Gain Function & relates the

fundamental drain’ voltage amplitude V), obtainable by
proper harmonic terminations (i.e. (kp,k;) pair), to the bias
voltage Vpp, that can be considered as the fundamental
amplitude for the unmanipulated approach, i.e. for the
Tuned Load (TL) case. The Voltage Overshoot Function B
quantifies the overshoot phenomena due to the use of even
harmonic components. The two figures are defined as:

B(kz’ks);rgﬂ_g‘vim (6)
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The 8 function directly gives the improvement on drain
efficiency 1 with respect to the Tuned Load (TL) case.
However, the 3 values have to be considered carefully, not
to violate physical constraints. In fact, since drain voltage
harmonic components V, are generated by the current
harmonic ones I, through the drain impedances Ry ;¢ (eqn.
(5)), the k; and k; optimum values must be physically
synthesized, i.e. the corresponding impedances Ry 5 and
Ry 3¢ must be positive values. I, and I; have therefore to
satisfy proper phase relationships with respect to I; (Table
1, sign of k, and kj). Such relationships are very important,
since if not fulfilled may lead to detrimental results (Fig.1).
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Fig.1:Output load curve for 2™ harmonic tuning approach with

proper (out-of-phase) or wrong (in-phase) voltage components
Optimum load impedances for the intrinsic drain current
source can be determined as

Z
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Thus the harmonic ‘output’ approach can be useful if the
generated drain current waveform allows positive values
for Ry, according to eqn (7). In fact, even if there is a
power dissipation on such harmonic loads, that could be
interpreted as a detrimental phenomena, the fundamental
output power is maximized, simultancously maximizing
drain efficiency. It is to note that if the same analysis were
applied to minimize the dissipated power, only sub-
optimum results could be obtained [5].

This simplified analysis shows that the of the harmonic
manipulation approach are related to the output harmonic
terminations and to the drain current waveforms. Thus,
even if they don’t explicitly appear in the previous
equations, also the input harmonic terminations become
important to control the drain current generation
mechanism as noted in [4,6]. To generalize, the following
drain current waveform can be considered:

cos(wt)+ @ a
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0 otherwise

where o is the drain current conduction angle, and c is the
bias percentage defined by

IDD=C'Imax OSCSO.S (9)
with I, maximum achievable drain current, and
A
hy=-% 10
2= (10)

with A; and A, related by the transconductance g, to the
input voltage controlling harmonic components, i.e. to the
input network design. Through the appropriate input
network design, it is possible to realize different A, output
coefficients, obtaining different drain current harmonic
components I, to be terminated according to eqn. (7). In
this way the effects of the input harmonic terminations are
distinguished from those related to the output terminations:
the input network is designed to generate the proper A,
coefficients, while the output network is designed to
properly terminate the so-obtained output drain current
harmonic components. The analysis has been performed
considering ¢ and A, as independent variables with the aim
of maximizing the drain efficiency, properly terminating
fundamental and second harmonic only, according to the
above mentioned statements. In particular, since 4; is used
to control the phase between fundamental (I;) and second
(I;) harmonic current components, its range can be limited
to negative values only (positive values actually produce
in-phase I, and I, components). Moreover, assuming that
the output current waveform reaches its peak value Iy, it
is possible to relate the A value and the drain conduction
angle o to the values of ¢ and A, In fact, defining the
function

hy +—

flem)=1"7" 8k, an
I=c  _1.j,<0

1+h, 4

the following closed form expressions for A, and o can be
derived (details of the analysis are omitted in this paper):
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(12)

1 hy-c +8h22] (13)
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Current harmonics can be written in closed-form, as
functions of ¢ and A,, i.e.:

1, =1, glnch) 14)

where g is a function of n (harmonic index), ¢ and h,.
Theoretically achievable drain efficiency for the TL
approach, (i.e. short circuiting the output harmonics) is:

lll'VDD =_1_g(1,C,hz) (15)
21,Vpp 2g(0,c,h)

For 2™ harmonic tuning design, if I, is opposite in phase
with I, it is possible to use the output harmonic tuning,
according to eqn.(7); otherwise, to avoid 2™ harmonic
potential detrimental effects, it is better to short the I,
component and terminate I; on the optimum resistive load
(TL approach), i.e. Ry s with 8=1. To stress the relevance of
phase relationships between harmonic components (I; and
I,), in Fig.2 the efficiency obtainable assuming h,=-0.2 and
loading the I, component with a resistance whose value is
determined by the module-of eqn (7) (dashed line) is
shown and compared to a TL approach with (dotted line)
or without input 2™ harmonic generation (grey line).

As can it be noted, if ¢ is less than 0.37, the efficiency
for a TL approach is higher than the one obtainable by 2™
harmonic tuning. In this case it is obvious that the
generation of h, has been deleterious and it is better to
short circuit the I, component not to deteriorate drain
efficiency (point A). In fact, since I, and I are in phase,
then the voltage waveform obtainable loading both current
components on resistive loads has a lower fundamental

UsA (c,h2)=

component, so decreasing overall efficiency with respect to

a TL approach (Fig.3a). On the other hand, if c is higher
than 0.37, 2™ harmonic tuning becomes better than a TL
approach (point B) since the voltage waveform has an
higher fundamental component (see Fig.3b).
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Fig.2: Drain efficiency with hy=-0.2 for a TL approach, i.e. short

circuiting I, (dotted), adopting a 2™ harmonic tuning (dashed)
compared with a TL approach with hy=0 (grey line).
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Fig.3: Voltage and Current waveforms corresponding to (a) point
A in Fig2 (hy=-0.2, c=0.2) and (b) point B in Fig.2 (h;=-0.2,
c=0.4).

From this results, it is obvious to conclude that the
effects of the harmonic manipulation could be fruitful or
not, depending on the harmonic current components phase
relationships.

An important comment arises from Fig.2: for a fixed 4,
value (-0.2 in the example), there is a correspondent value
for the bias percentage ¢ (=0.36) where the I, component
vanishes. This point is related to the intermodulation sweet
spot location {7].

III. DESIGN VERIFICATION

To validate the present approach, two PAs have been
designed using a medium power GaAs MESFET (0,5 pm
gate length, 1 mm gate periphery) by AMS. A Class AB
bias condition has been selected (¢=0.26), with Vpp=5V.
The first PA is a TL one, designed as a reference, while the
other is a 2™ harmonic tuned amplifier. Both the amplifiers
have been optimized @5GHz. Simulated and measured
performances are reported in Fig.4, while in Table 2 the
1dB compression point performances are shown and
compared with the values obtained by the presented
simplified analysis, taking into account a V,=1.8V. As it is
possible to note, the proposed approach allows the '
simultaneous increase in output power, large signal gain
and efficiency, as contrasted with simpler non-harmonic
tuning strategies. In Fig.5 the measured output power of
the 2™ harmonic tuned PA is plotted as a function of
frequency together with simulations and its companion TL
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stage, at 2 dB compression. Measured results demonstrate
a 10% bandwidth around 5GHz.
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Fig.4: Simulated and measured output power (a), drain (b) and
power added efficiency (c) for the realized TL and 2™ harmonic
tuned PAs.
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Fig.5: Output power for the 2™ harmonic tuned PA (measured
and simulated) and for the TL PA, computed at 2 dB
compression.

TABLE 2
COMPARISON BETWEEN THEORETICAL, SIMULATED AND MEASURED DRAIN
EFFICIENCY AT 1DB COMPRESSION POINT
Nre_The | NrL_sim | NTL_Meas | T2nd The | Ti2nd sim | M2nd_Mess

44.3 434 445 | 55.1 | 53.7 | 553

The good agreement between the results predicted by the
proposed simplified approach and measured performances
validates the suggested strategy.

IV. CONCLUSIONS

In this paper, starting from the basic power balance
equation, a simplified analysis has been presented to obtain
useful design criteria for both input and output networks
loading of high efficiency PAs. In particular, it has been
demonstrated that the output network has to be designed to
maximize the fundamental output power through proper
harmonic load terminations. Moreover, the relevance of the
input harmonic terminations to generate output drain
harmionic components with proper phase relationships, has
been stressed utilizing closed form expression. The
proposed approach has been validated comparing the
theoretical results with measured data.
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