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ABSTRACT This paper presents a simple and universal measurement method for the average efficiency and
instantaneous efficiency of pulsed RF power amplifiers. The average efficiency of the traditional definition
varies with different duties and thus lacks universality, because of the DC power consumption outside the
RF pulse. In our proposed method, the DC power consumption within a pulse period is divided into different
parts. The parameters of each part can be extracted-from simple measurements of the average voltage and
current under different duties. The average efficiency and instantaneous efficiency of different duties can be
calculated with the extracted parameters. Since current clamps or oscilloscopes are not necessary to measure
the instantaneous voltage and current, this solution can be easily implemented in a simple and cost-effective
way, to expand the application into compact and sealed circuits. Measurement uncertainties under different
duties were analyzed of the method. Experimental results of the proposed method are consistent with
theoretical efficiencies, which help validate the method.

INDEX TERMS Average efficiency, instantaneous efficiency, efficiency measurement, pulsed RF power
amplifier, uncertainty analysis, various duties.

I. INTRODUCTION
RF power amplifiers (PAs) are essential components of most
wireless systems. The application space includes wireless
communication systems, radar, RF heating, jamming, imag-
ing, and miniature DC-DC converters [1]. Much literature
shows that PAs can be classified into two types: continuous
wave (CW) PAs [2]–[4] and pulsed PAs [5]–[7]. Compared
with CW PAs, pulsed PAs offer higher efficiency and are
important for reducing size, weight and thermal stress [5].
Pulsed PAs are widely used in many kinds of radar systems,
such as airport surveillance, ship surveillance, and weather
observation systems [6].

The function of PAs is converting DC power to RF power.
Many parameters are adopted to evaluate PAs, includ-
ing output power, efficiency, gain and linearity. Efficiency
is an important parameter when comparing and selecting
PAs and plays a decisive role in power supply and ther-
mal dissipation requirements [1], [8], [9]. Efficiency is
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defined as the ratio of RF-output power to DC-input power,
i.e., η = Pout

/
Pdc. There are two commonly used definitions

of efficiency for pulsed PAs: the instantaneous efficiency
and the average efficiency. The instantaneous efficiency is
the efficiency at one specific output level, which is the effi-
ciency within the RF pulse. When amplifying signals with
time-varying amplitudes, such as RF pulses, the average
efficiency is more useful, which is defined as the ratio of
the average output power to the average DC-input power:
ηavg = Pout,avg

/
Pdc,avg [9]–[12].

According to the definitions in [9]–[12], the average out-
put power and the average DC-input power depend on the
envelope probability-density function (PDF) of the amplified
signal. Therefore, if the PDFs of the different signals are the
same, the average efficiency should be the same. However,
this conclusion is no longer valid in some pulsed PAs, which
can be observed experimentally. Due to the power dissipation
of a DC pulse modulator, the traditional definition of the
measured average efficiency is only accurate for a fixed duty
and cannot be adopted for other duties. If the pulse width or
repetition frequency of the RF pulse changes, the average
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efficiency will correspondingly change even if the PDF
remained the same. Consequently, the universality of
the traditionally defined average efficiency is limited in
pulsed PAs.

Furthermore, the traditional measurement method of the
instantaneous efficiency is based on the measurement of
pulsed DC-input power, including the instantaneous voltage
and current. Instantaneous current is usually measured by
a current clamp or oscilloscope, which increases the com-
plexity of the system. In high power PAs, the drain current
is so large that a large current clamp cannot be mounted.
It limits the application of traditional measurement methods
in compact and sealed circuits.

To expand the applications of the measurement method,
it is necessary to increase the universality and simplify of
the measurement system. To achieve this goal, a novel mea-
surement method for the efficiency of pulsed PAs is pro-
posed in this paper. This new method overcomes the inherent
drawbacks associated with traditional methods. In Section II,
the disadvantages of the traditional measurement methods are
summarized and analyzed. In Sections III and IV, the theory
and uncertainty analysis of the new measurement method is
discussed. Experimental data and analysis of the new mea-
surement method are provided in Section V. Finally, a review
and summary are provided in Section VI.

II. THE TRADITIONAL MEASUREMENT METHOD
FOR PULSED PAS
A. TRADITIONAL MEASUREMENT METHOD FOR
AVERAGE EFFICIENCY
The average efficiency of a device under test (DUT) is deter-
mined by the average RF-output power (Pout,avg) and the
average DC-input power (Pdc,avg):

ηavg = Pout,avg
/
Pdc,avg (1)

In pulsed RF PAs, Pout,avg is detemined by the peak output
power (Pout ) and duty (D):

Pout,avg = Pout · D = Pout · τ · F (2)

where τ is the width of the RF pulse and F is pulse repetition
frequency. The value of Pout can be simply measured by a
power meter.

The variable Pdc,avg represents both the average DC-input
power supplied to the PA and the average output power of the
power source. It is the product of the voltage (Vavg) and the
average current (Iavg) of the power source:

Pdc,avg = Vavg · Iavg. (3)

Both Vavg and Iavg can be easily obtained from a power
source or multimeter. Therefore, traditional measurement
methods to determine the average efficiency and its measure-
ment system are simple.

Unfortunately, despite the simplicity of the traditional
method, there are still some drawbacks that limit the applica-
tion. Using the FET PA and drain modulation for an example,

FIGURE 1. Traditional average efficiency measurement method block
diagram.

FIGURE 2. Timing diagram of the drain bias pulse and the RF pulse.

the power dissipation of the pulsed PA is not constant. Fig. 2
shows a common bias and RF waveform. To avoid the influ-
ence of the DC bias on output pulse shape, the RF pulse signal
is amplified after the DC bias is stabilized [7], [13]. In addi-
tion to the bias stability period, the DC bias pulse contains
a guard time, including risetime, falltime and ringing time.
During the guard time, there is still power that is consumed
and is not converted to RF energy.

In a short-pulse PA, the wasted power outside the
RF pulse is comparable to the output power, leading to
nonignorable unwanted efficiency declines. As the duty
changes, the proportion of wasted power is different, hence
the average efficiency varies with duty. It is scarcely pos-
sible to provide a certain average efficiency applicable to
all duties even if the PDFs are the same. The average effi-
ciency cannot reflect the ‘‘global’’ efficiency character of the
measured circuit. As a consequence, declaration of duty is
always required in describing the average efficiency of pulsed
PAs [6], [14].

Meanwhile, the average efficiency is an overall efficiency
of the DC and RF circuits. Distinguishing the efficiency of
the DC and RF circuits provides designers more informa-
tion to optimize them pertinently. Designers cannot evaluate
these two types of efficiency separately using the traditionally
defined average efficiency.
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B. TRADITIONAL MEASUREMENT METHOD FOR
INSTANTANEOUS EFFICIENCY
The instantaneous efficiency is the efficiency within the RF
pulse and can be expressed as:

η = Pout
/
Pdc,pls, (4)

where Pdc,pls is the instantaneous DC-input power within the
RF pulse. According to formula (4)), it can be seen that the
instantaneous efficiency is independent of the power dissi-
pation outside the RF pulse. As a result, the instantaneous
efficiency is less sensitive to the duty, which improves its
universality.

Although the instantaneous efficiency has more universal-
ity in evaluating the performance of pulsed PAs, there are still
some problems. To obtain Pdc,pls, it is necessary to measure
the instantaneous drain voltage (VD) and drain current (ID)
of a pulsed PA. It is relatively easy to measure VD with
a voltmeter or oscilloscope, while measuring ID remains a
challenge in some occasions. The device under test (DUT)
in Fig. 3(a) shows the typical structure of pulsed RF PA
circuits. Pulsed RF PA circuits usually contain a DC and
RF circuit. The DC circuit consists of a DC-DC converter
and a pulse modulator. The RF circuit is composed of power
transistors, RF chokes, DC blockers, isolators, etc. [7]. ID is
the internal drain current flowing from the DC circuit into the
RF circuit.

A common method of measuring ID is by means of a
resistor. The resistor is welded between the DC circuit and
the RF circuit, as shown in Fig. 3(a). The current deliv-
ered to the amplifier can be calculated based on the voltage
drop across the resistor [15], [16]. The current measurement
should maintain galvanic isolation, which ensures that no
current flows directly between the load and the measuring
circuit [17]. This direct measurement method of the cur-
rent is undesirable as it does not guarantee good galvanic
isolation.

Converting current to voltage with load after amplifying
the current is another method to measure ID. Fig. 3(b) shows
the method from [18], where the current is first amplified by a
current amplifier. Then the amplified current was converted to
a voltage measured with a 50 Ohm-load. Similarly, galvanic
isolation is still a problem, and the measurement system is
complex.

The third method of measuring ID is utilizing a current
clamp, as seen in [13] and [19], and the block diagram is
shown in Fig. 3(c). This is a noncontact way and could pro-
vide galvanic isolation. Nevertheless, the size of the current
clamp is too large for some compact or sealed circuits. In lots
of amplifier circuits, especially in T/R modules, the avail-
able space is insufficient for the current clamp. In addition,
the conductor between the PA and drain bias switching circuit
is always a planar circuit, such as a microstrip line. Current
clamps cannot be easily mounted in such circuits, as shown
in [7] and [14].

Traditional measurement methods for the efficiency of
PAs are analysed above, with their drawbacks included.

FIGURE 3. Traditional instantaneous efficiency measurement method
block diagram: (a) with inserted resistance, (b) with current amplifier and
current load, (c) with current clamp.

The universality of traditional measurement method for
average efficiency is poor, especially for short-pulse PAs.
Galvanic isolation is an unsolved problem in traditional
measurement methods when measuring instantaneous effi-
ciency, and the complexity of measurement systems limits
the application of traditional measurement methods in some
compact or sealed circuits. A novel measurement method
for the efficiency of pulsed PAs is proposed in the follow-
ing section. Better universality, better galvanic isolation and
simpler measurement system can be realized with this new
method.
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FIGURE 4. Input pulse modulation mode [7].

III. A NEW MEASUREMENT METHOD OF PULSED
PA EFFICIENCY
All the above considerations lead to defining a new measure-
ment method that is different from traditional ones. For this
purpose, the following fundamental requirements need to be
considered.

1) The measured efficiency must reflect the ‘‘global’’ effi-
ciency character of the measured circuit, and it should be
applicable to various duties.

2) Isolation between the measurement system and DUT is
necessary for reducing the influence on the DUT.

3) To expand the application to compact and sealed cir-
cuits, the simplicity of the measurement system should be
considered.

Based on these points, a novel measurement method for
efficiency will be proposed in this section. The measurement
method generally consists of five steps.

1) Divide the DC-input power into several intervals in the
time domain. Each part is defined by its unique property.
Derive the formulas for the average efficiency and instanta-
neous efficiencies with the parameters of these parts.

2) Turn on the power source and DUT with the pulse mod-
ulator and RF source not triggered. Measure the quiescent
power of the DUT.

3) Select 1∼3 duty sets. Measure the average efficiency of
each DUT at a constant input RF power.

4) Extract the parameters of each interval through the
measured average efficiency and derived formulas.

5) Calculate the average efficiency and instantaneous effi-
ciency of the different duties with the extracted parameters.

As indicated in section II, the average efficiency varies
with the duty. Actually, the average efficiency also differs
with the nesting modes of the RF signal and DC bias pulse.
The formulas for the average efficiency should be derived
accordingly. In the following illustration, the measurement
methods for three typical pulse switching modes are dis-
cussed.

A. INPUT PULSE MODULATION MODE
The input pulse modulation mode is shown in Fig. 4. Pulse
modulation is performed using an external RF switch, and
the PA subsequently amplifies the modulated signal [7]. The
bias voltage of the PA remains the same.

In this mode, the instantaneous output power and DC-input
power are shown in Fig. 5. The pulse width of the modulated

FIGURE 5. Instantaneous output power and DC-input power of the input
pulse modulation mode.

signal is τ and the pulse repetition frequency is F . The power
consumption of the power source is divided into two parts,
namely, Pdc0 and Pdc,pls. Pdc0 is the quiescent power of the
DUT, which can reflect the performance of the DC circuit,
such as the DC-DC converter. Pdc,pls is the instantaneous
DC-input power within the RF pulse. Pout is the peak output
power within the RF pulse, whereas the output power outside
the RF pulse is 0.

In the traditional method, the average efficiency of this
mode was expressed as:

ηavg =
Pout · τ · F
Vavg · Iavg

, (5)

where Vavg is the output voltage and Iavg is the average output
current of the power source, both of which can be easily read
from a power source or voltmeter.

In the proposedmethod, the average efficiency is expressed
as:

ηavg =
Pout · τ · F

Pdc,pls · τ · F + Pdc0 (1− τ · F)
. (6)

The numerator is the output energy within a unit time,
and the denominator is the DC-input energy during the same
time. In this formula, Pout , τ and F are known. The unknown
parameters are Pdc0 and Pdc,pls. Pdc0 repesents the quiescent
power of the DUT. Here, we turn on the power source and
DUT with the pulse modulator and keep RF source off.
Pdc0 is the product of Vavg and Iavg of the power source under
this condition.

We next select one duty andmeasure the average efficiency
using the traditional method and (5). Rearranging (6), we can
obtain Pdc,pls by:

Pdc,pls =
Pout
ηavg
+
Pdc0 (τ · F − 1)

τ · F
. (7)

With the extracted Pdc0 and Pdc,pls, the average efficiency
of any duties under the input RF power can be calculated
by (6). The instantaneous efficiency can be calculated by (4).

B. CONSTANT GUARD TIME MODULATION MODE
The constant guard time modulation mode is shown in Fig. 6,
and it is a hybrid pulse switching mode. There is a pulse
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FIGURE 6. Hybrid pulse switching mode [7].

FIGURE 7. Constant guard time modulation mode.

modulation switch at the input of the PA, and the switch is
operated synchronously with the bias control signal [7].

In this mode, the bias waveform and RF waveform are
represented in Fig. 2. The instantaneous output power and
DC-input power are shown in Fig. 7. The pulse width of the
RF signal is τ and the pulse repetition frequency is F . The
power consumption of the power source is divided into three
parts: Pdc0,Pdc,pls and Egt . Egt is the DC-input energy during
the guard time of the single bias pulse, and it can reflect
the performance of the DC circuit, including the DC-DC
converter and pulse modulator. The definitions ofPdc0,Pdc,pls
and Pout are the same as the input pulse modulation mode.
When the duty varies, the guard time remains unchanged,
meaning that the pulse width of the bias control signal and
the input RF pulse change synchronously.

In this proposed method, the average efficiency can be
expressed as:

ηavg =
Pout · τ · F

Pdc,pls · τ · F + Egt · F + Pdc0 (1− τ · F)
. (8)

In this formula,Pout , τ andF are known. Themeasurement
approach of Pdc0 in this mode is the same as in the input pulse
modulation mode.

There are two ways to measure the average efficiency
and instantaneous efficiency of any duty. The first way is
measuring the average efficiency under two pulse widths at
a constant pulse repetition frequency. We assume that ηavg1
and ηavg2 are the measured average efficiency of the pulse
widths τ1 and τ2, respectively, using the traditional method.

From (8), the reciprocals of ηavg are:

1
ηavg1,2

=
Pdc0 + Egt · F

Pout · F
·

1
τ1,2
+
Pdc,pls − Pdc0

Pout
. (9)

From (9), we can determine:

τ1

ηavg1
−

τ2

ηavg2
=

(
Pdc,pls − Pdc0

)
(τ1 − τ2)

Pout
. (10)

Then, Pdc,pls can be obtained:

Pdc,pls =
Pout (ηavg2 · τ1 − ηavg1 · τ2)
ηavg1 · ηavg2(τ1 − τ2)

+ Pdc0. (11)

From (9), we can also determine that:

1
ηavg1

−
1

ηavg2
=
Egt · F + Pdc0

Pout · F

(
1
τ1
−

1
τ2

)
. (12)

Then, Egt can be obtained from:

Egt =
Pout · τ1 · τ2

(
ηavg2 − ηavg1

)
ηavg1 · ηavg2 (τ2 − τ1)

−
Pdc0
F
. (13)

With the extracted values of Pdc0, Pdc,pls and Egt , the aver-
age efficiency of any duty can be calculated by (8). The
instantaneous efficiency can be calculated by (4).

The second way is measuring the average efficiency under
two pulse repetition frequencies at a constant pulse width).
We assume that η′avg1 and η′avg2 are the measured average
efficiency of the pulse repetition frequency F1 and F2 using
the traditional method. From (8), reciprocals of ηavg are:

1
η′avg1,2

=
Pdc,pls
Pout

+
Egt

Pout · τ
+
Pdc0

(
1− τ · F1,2

)
Pout · τ · F1,2

. (14)

From (14), we arrive at:

1
η′avg1

−
1

η′avg2
=

Pdc0
Pout · τ

(
1
F1
−

1
F2

)
. (15)

Similarly, we can determine that:
1

η′avg1
−

1
η′avg2

1
ηavg
−

1
η′avg1

=

1
F1
−

1
F2

1
F −

1
F1

. (16)

Rearranging (16), we finally obtain:

ηavg

=
ηavg1 · ηavg2 · F (F2 − F1)

ηavg2 ·F1 ·F2−ηavg1 ·F1 ·F2+ηavg1 ·F ·F2−ηavg2 ·F ·F1
.

(17)

The disadvantage of the second way is that the instan-
taneous efficiency cannot be calculated. Therefore, if the
instantaneous efficiency is an indispensable parameter that
must be measured, the first way is preferable.

Additionally, from (9), we can determine the linear rela-
tionship between 1/ηavg and 1/τ . If τ approaches 0, then the
average efficiency also approaches 0. However, if τ is large
enough, then ηavg ≈ Pout

/
Pdc,pls, which is the same as the

efficiency of CWmode. According to this linear relationship,

59204 VOLUME 8, 2020



W.-R. Fang et al.: Simple and Universal Measurement Method for the Efficiency of Pulsed RF PAs

FIGURE 8. Varied guard time modulation mode.

the average efficiency under any pulse width τ can be easily
calculated from:

ηavg =
ηavg1 · ηavg2 · τ (τ2 − τ1)

τ
(
ηavg1 · τ2 − ηavg2 · τ1

)
+ τ1 · τ2

(
ηavg2 − ηavg1

)
(18)

From (17) and (18), we see an interesting phenomenon.
The variables ηavg1 and ηavg2 under τ1 and τ2 (or F1 and F2)
are enough for the calculation of ηavg. The solution of Pdc,pls
and Egt , as well as Pout and Pdc0 are not necessary, making it
easier to evaluate ηavg.

C. VARIED GUARD TIME MODULATION MODE
The varied guard timemodulation mode is also a hybrid pulse
switching mode, as shown in Fig. 6. The difference is that the
guard time may vary due to the different demand.

In this mode, the instantaneous output power and DC-input
power are shown in Fig. 8. The pulse width of the RF signal
is τrf , whereas the pulse width of the bias pulse is τdc.-τdc is
always larger than τrf so that the RF signal can be amplified
completely. We assume the pulse repetition frequency is F as
well. The power consumption of the power source is divided
into four parts, i.e., Pdc0, Pdc,pls, Pgt and Egt . Egt is the
DC-input energy during the rise and fall times of the single
bias pulse. Pgt is the instantaneous DC-input power within
the gap between the RF pulse and the rise/fall time of the
bias pulse, which is a part of the guard time. The definitions
of Pdc0, Pdc,pls and Pout are the same as the input pulse
modulation mode. When the duty varies, the guard time may
change. It means that the pulse width of the bias pulse and the
input RF pulse may not synchronously change.

In this proposed method, the average efficiency can be
expressed as:

ηavg

=
Pout · τrf · F

Pdc,pls ·τrf ·F+Pgt ·F
(
τdc−τrf

)
+Egt ·F+Pdc0(1−τdc ·F)

,

(19)

where Pout , τ and F are known. The measurement approach
for Pdc0 is the same as for the input pulse modulation mode.
Pdc,pls and Egt can be obtained using the method in the
constant guard time modulation mode by setting τrf = τdc

and measuring the average efficiency of the two pulse widths.
Assuming that ηavg1 and ηavg2 are the measured average effi-
ciencies under the pulse widths τ1 and τ2 using the traditional
method. Pdc,pls and Egt are determined from (11) and (13),
respectively.

Next, we select the pulse width of the third set and ensure
that τrf < τdc. The measured average efficiency will be
denoted as ηavg3. Rearranging (19), we arrive at:

Pgt =
τrf 3

τdc3 − τrf 3

·

[
Pout
ηavg3

− Pdc,pls −
Egt
τrf 3
−
Pdc0 (1− τdc3 · F)

τrf 3 · F

]
. (20)

With the extracted parameters, the average efficiency of
any duty under the same input RF power can be calculated
by (19). The instantaneous efficiency can still be calculated
by (4).

According to the derivation of the average efficiency and
instantaneous efficiency, we only need to measure the aver-
age efficiency of 1∼3 duties. Throughout the entire pro-
cess, the measurement of the instantaneous efficiency is not
necessary. In section II, the difficulties in measuring the
instantaneous efficiency and the complexity of the measure-
ment systemwere presented. Therefore, the proposed method
provides an opportunity to obtain a simple measurement sys-
tem. The application of the novel method can be extended
to compact and sealed circuits. Moreover, the average effi-
ciency and instantaneous efficiency under varied duties can
be calculated using a simple measurement. With the extracted
parameters of the DC-input power, it is possible to evaluate
the efficiency of the DC and RF circuits separately. All of
these advantages indicate that this novel method fulfils all the
fundamental requirements.

IV. UNCERTAINTY ANALYSIS OF NEW METHOD
The analysis of uncertainty plays an important part in this
method. Uncertainty analysis can be used to assess the vari-
ability and prediction imprecision of the outcome variable
due to the uncertainty of the input parameters. Understanding
the uncertainty can also assist in choosing input parameters.
In this paper, the uncertainty evaluation of the estimated aver-
age efficiency in the constant guard time modulation mode is
performed. The conclusion is also applicable to the other two
modes.

In the case of real measurement data, the main sources
of uncertainty are related to the measurement instrumen-
tation [20]. In (18), the input parameters are the pulse
widths andmeasured average efficiency. The pulse widths are
selected manually and set in the pulse generating device. The
pulse widths can be set very accurately, meaning their uncer-
tainties can be ignored. Therefore, the average efficiency
is the main source of uncertainty influencing the outcome
variable significantly. Optimizing the input parameters to
minimize the uncertainty of the outcome variable is of great
value.
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Considering ηavg as a function, f , of the pulse widths and
measured average efficiency, (18) can be rewritten as:

f
(
τ ; τ1, τ2, ηavg1, ηavg2

)
=

ηavg1 · ηavg2 · τ (τ2 − τ1)

τ
(
ηavg1 · τ2 − ηavg2 · τ1

)
+ τ1 · τ2

(
ηavg2 − ηavg1

)
(21)

The Guide to the Expression of Uncertainty in Mea-
surement (GUM) provides internationally agreed upon
approaches to the evaluation of measurement uncer-
tainty [21]. The law of propagation of uncertainty, given in
the GUM as its main procedure for uncertainty evaluation,
has been widely used in uncertainty analysis [22]–[25].

The uncertainties of ηavg1 and ηavg2 are denoted as u(ηavg1)
and u(ηavg2), which are mostly affected by the accuracy of the
output power and DC-input power measurements. According
to the law of propagation of uncertainty and ignoring the
uncertainties of the pulse width, the squared ηavg uncertainty
is calculated from [21]:

u2
(
ηavg

)
=

(
∂f

∂ηavg1

)2

u2
(
ηavg1

)
+

(
∂f

∂ηavg2

)2

u2
(
ηavg2

)
.

(22)

Calculating the partial derivative of f , we arrive at:

∂f
∂ηavg1

=
η2avg2 · τ · τ1 (τ2 − τ) (τ2 − τ1)(

τ
(
ηavg1 · τ2 − ηavg2 · τ1

)
+ τ1 · τ2

(
ηavg2 − ηavg1

))2 .
(23)

Substituting(23) into(22), the squared ηavg uncertainty
becomes (24), as shown at the bottom of this page.

For simplicity, we assume u(ηavg1) and u(ηavg2) are equal
to u0. Substituting (18) into (24), the squared ηavg uncertainty
can be simplified to:

u2
(
ηavg

)
=

u20 · η
4
avg

(τ2 − τ1)
2

[
τ 21 (τ2 − τ)

2

η4avg1 · τ
2
+
τ 22 (τ − τ1)

2

η4avg2 · τ
2

]
.

(25)

From the equations, we can find that the ηavg uncertainty
is related to τ , τ1 and τ2. Before measuring ηavg1 and ηavg2,
elaborate selection of the pulse width becomes meaningful to
achieve an accurately predicted value for ηavg. For a given
τ1 and τ2, the optimum pulse width τopt with a minimum
uncertainty can be calculated. To get a simple analytical
solution, we ignore the change of the average efficiency

with τ in (25), and solve the following partial derivative
equation:

∂u2
(
ηavg

)
∂τ

= 0. (26)

Then, we can determine τopt from:

τopt ≈
τ1 · τ2

(
η4avg1 + η

4
avg2

)
τ1 · η

4
avg2 + τ2 · η

4
avg1

. (27)

It can be inferred that:

min(τ1, τ2) ≤ τopt ≤ max(τ1, τ2). (28)

Smaller uncertainty can be achieved by reducing the
difference between the concerned τ and τopt . Therefore,
the selected range [τ1, τ2] should cover or be close to all of
the concerned pulse widths.

V. EXPERIMENTS AND ANALYSIS
To verify the validity of the new measurement method,
the efficiency of a pulsed RF PA was analyzed using the
new measurement method. The measured circuit is presented
in Fig. 9, which comprises the RF and DC circuits. The
RF circuit was made up of four internally matched cascaded
GaN HEMTs power amplifiers and five isolators which were
specially developed. The cascaded power amplifiers, with
drain voltage of 50 V, were capable of producing an output
power of hundreds of Watts and a gain of more than 50dB
under pulsed mode. The DC circuit mainly consists of
DC-DC converters and a pulse modulator.

Both the RF and DC circuits were fabricated inside a
shielding cavity where current clamps cannot be mounted.
The instantaneous efficiency can hardly be measured using
traditional methods. In addition, the average efficiency mea-
sured by traditional methods is only applicable to specific
pulse parameters. Therefore, traditional measurement meth-
ods are not feasible for this circuit.

A. COMPARISON OF MEASURED AND THEORETICAL
EFFICIENCY
Based on the novel proposed measurement, we only need to
measure the average efficiency to obtain the ‘‘global’’ effi-
ciency character. As shown in Fig. 9, Vavg, Iavg and the output
RF power were indispensable parameters when calculating
the average efficiency.

To assess the accuracy of the new method for the constant
guard time modulation mode, the average efficiencies were
measuredwhen the pulse width varied from 400 ns to 2000 ns.
The pulse repetition frequency was 500 Hz, and the PA was
operated in a nonlinear state. Through a simple measurement,

u2
(
ηavg

)
=

τ 2 · (τ2 − τ1)
2
·

[
η4avg2 · τ

2
1 (τ2 − τ)

2
· u2

(
ηavg1

)
+ η4avg1 · τ

2
2 (τ − τ1)

2
· u2

(
ηavg2

)]
(
τ
(
ηavg1 · τ2 − ηavg2 · τ1

)
+ τ1 · τ2

(
ηavg2 − ηavg1

))4 (24)
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FIGURE 9. Block diagram of the measured PA.

TABLE 1. Measured average efficiency in constant guard time modulation
mode.

the output value for Pout and Pdc0 were obtained, which
were normalized to 100 W and 37.6 mW. The measured
average efficiency varied from 11.42% to 22.58%, as illus-
trated in Table 1.

The theoretical average efficiencies under pulse widths
ranging from 400 ns to 2000 ns were calculated via
formula (18), as shown in Fig. 10(a). 600 ns and 1800 ns
were selected as τ1 and τ2, respectively. The maximum
error between the theoretical results and the measured results
was 0.25%, which occurred at 2000 ns. The maximum rela-
tive error was 1.09%. With the help of this new method, the
instantaneous efficiency can be calculated without measuring
the internal drain current. The theoretical instantaneous effi-
ciency of this PA was 29.37%.

The validity of the new measurement method was also
verified for linear PAs. The same PA was operated in linear
state, while other parameters were kept unchanged. Pout and
Pdc0 were normalized to 53 W and 37.6 mW, respectively.
The theoretical and measured average efficiencies are shown
in Fig. 10(b). The selected input pulse widths, τ1 and τ2, were
still 600 ns and 1800 ns. The maximum error and maximum
relative error between the theoretical and themeasured results
were 0.21% and 2%, respectively, which occurred at 800 ns.
The theoretical instantaneous efficiency was 20.73%.

From the result, we observe good consistency between the
theoretical results and the measured results in the constant
guard time modulation mode. This new method is applicable
to both nonlinear and linear PAs.

To assess the accuracy of the method for varied guard time
modulation modes, average efficiencies under pulse widths

FIGURE 10. Measured average efficiency (symbol) and theoretical
average efficiency (line) in constant guard time modulation mode when
PA was: (a) saturated and (b) linear.

ranging from 400 ns to 2000 ns were measured. The pulse
width of the bias pulse τdc was always larger than the pulse
width of the RF signal τrf . The pulse repetition frequency was
500 Hz and the PA was operated in a nonlinear state. The
measured power Pout and Pdc0 were normalized to 100 W
and 38.0 mW. The average efficiency varied from 11.34% to
21.95%, as illustrated in Table 2.

The theoretical average efficiencies under pulse widths
ranging from 400ns to 2000 ns were calculated using for-
mulas (18), (19) and (20), as shown in Fig. 11(a). The
selected pulse widths, τ1 and τ2, were 400ns and 2000 ns. The
selected pulse width τrf 3 was 400ns and τdc3 was 1600 ns.
The maximum error between the theoretical efficiency and
the measured efficiency was 0.27%, which occurred at
(τrf , τdc) = (1200 ns, 1200 ns). The maximum relative error
was 1.45%. The theoretical instantaneous efficiency of this
PA was 28.66%.

The theoretical efficiency and measured average efficiency
of the linear PA are shown in Fig. 11(b). The PAwas operated
in a linear state and other parameters, including input pulse
widths, were kept unchanged. The measured power Pout and
Pdc0 were normalized to 58 W and 38.0 mW. The maxi-
mum error between the theoretical and measured results was
0.11%, which occurred at (τrf , τdc) = (1200 ns, 2000 ns).
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FIGURE 11. Measured average efficiency (symbol) and theoretical
average efficiency (line) in varied guard time modulation mode when the
PA was: (a) saturated and (b) linear.

TABLE 2. Measured average efficiency in varied guard time modulation
mode.

The maximum relative error was 1.14%. The theoretical
instantaneous efficiency of this PA was 22.46%.

Again, good consistency between the theoretical results
and the measured results is observed.

B. COMPARISON OF THE MEASURED AND THEORETICAL
UNCERTAINTIES
For illustrative purposes, the measurement uncertainty was
determined for the constant guard time modulation mode.
As discussed in Section IV, a smaller difference between the

FIGURE 12. Normalized uncertainty of ηavg in constant guard time
modulation mode: (a) (τ1, τ2) = (1000 ns, 1200 ns) and
(b) (τ1, τ2) = (1600 ns, 1800 ns).

concerned τ and τopt means a smaller uncertainty of ηavg.
Comparisons of the measured uncertainty and theoretical
uncertainty of different τopt are given. Because the initial
uncertainty, u0, was not clear, the theoretical efficiencies and
measured average efficiencies were normalized as follows:

unormalized
(
ηavg

)
= u

(
ηavg

)/
max

(
u
(
ηavg

))
. (29)

Fig. 12(a) shows the normalized theoretical uncertain-
ties and measured uncertainties of ηavg. The selected pulse
widths, τ1 and τ2, were 1000 ns and 1200 ns, respec-
tively. The measured uncertainties were in good agreement
with the theoretical results. Using the numerical calculation
method, we find that the accurate optimum pulse width with
a minimum uncertainty of ηavg was 1299 ns. Meanwhile,
the approximate optimum pulse width, τopt in (27), was
1303 ns, which was fairly close to the actual value, verifying
the validity of the approximation in (27).

Another example favors this uncertainty analysis as well.
The selected pulse widths, τ1 and τ2, were changed to
1600 ns and 1800 ns, respectively, with the result illus-
trated in Fig. 12(b). The normalized theoretical uncertainties
and measured uncertainties of ηavg had a similar tendency.
The accurate τopt was 1699 ns, and the approximate τopt
was 1701 ns. The experimental and theoretical results are in
good agreement.
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Experimental results demonstrate the importance of pulse
width selection for accuracy. We should pay attention to the
choice of measured pulse width based on the pulse width
of interest. Another factor that affects the accuracy of the
measurement is the reduction in power envelope during the
pulse. In the discussion of Section III, the output power, Pout ,
is considered to be constant all the time. In our experiment,
several tantalum capacitors and ceramic capacitors were used
as capacitor bank in the pulse modulator to prevent the reduc-
tion in power envelope. Consequently, the reduction in power
envelope was small enough and can be ignored. As a result,
the accuracy of the measured efficiency was maintained.

VI. CONCLUSION
With a goal of reducing the complexity and expanding the
application, a new measurement method for the average effi-
ciency and instantaneous efficiency of Pulsed RF PAs has
been established. The method reveals the formation mecha-
nism of power consumption and efficiency. The performance
of the method has been assessed through a number of experi-
ments. Good agreement was achieved between the theoretical
and measured results. The maximum error and maximum
relative error between the theoretical efficiency and mea-
sured average efficiency was 0.21% and 2.00%, respectively,
verifying the validity of the new method. In addition, the
theoretical and measured uncertainties were in good agree-
ment, which can assist in selecting measurement parameters
to obtain good accuracy.

The proposed method shows better universality and better
galvanic isolation over traditional methods. The simple mea-
surement system enables the application in some compact or
sealed circuits. With the development of GaN HEMTs, more
and more pulsed PAs are used in active phase-array radars.
This method can be implemented in large scale automatic
T/R module test system, providing the ‘‘global’’ efficiency
character and reducing the cost.
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