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used to measure gain and VSWR can re-
duce overall component count. This article
will focus on techniques that can be used
to perform these in-situ measurements in
wireless transmitters. 

A TYPICAL WIRELESS TRANSMITTER
Figure 1 shows a typical wireless

transmitter. It consists of mixed-signal
base band circuitry, an up-converter
(which generally includes one or more
intermediate frequencies or IFs), ampli-
fiers, filters and a power amplifier. These
components may be located on different
PCBs or may even be physically separat-
ed. In the example shown, an indoor unit
is connected to an outdoor unit with a ca-
ble. In such a configuration, both units
may be expected to have well defined,
temperature-stable gains. Alternatively,
each unit might be expected to deliver a
well-defined output power. There are two
different approaches to the ultimate goal
of delivering a known power level to the
antenna: power control or gain control.

With power control, the system relies on
being able to precisely measure the output
power (using detector D in this example).
Once the output power has been mea-
sured, the gain of some component in the

M
easurement and control of gain and
reflected power in wireless trans-
mitters are critical auxiliary func-

tions that are often overlooked. The power
reflected back from an antenna is speci-
fied using either the voltage standing
wave ratio (VSWR) or the reflection coeffi-
cient (also referred to as return loss). Poor
VSWR can cause shadowing in a TV
broadcast system as the signal reflected
off the antenna reflects again off the pow-
er amplifier and is then rebroadcast. In
wireless communications systems, shad-
owing will produce multi-path-like phe-
nomena. While poor VSWR can degrade
transmission quality, the catastrophic
VSWR that results from damage to coaxial
cable or to an antenna can, at its worst,
destroy the transmitter. The gain of a sig-
nal chain is measured and controlled as
part of the overall effort to regulate the
transmitted power level. If too much or
too little power is transmitted, the result
will be either violation of emissions regu-
lations or a poor quality link. The reflec-
tion coefficient is calculated by measuring
the ratio between forward and reverse
power. Gain, on the other hand, is calcu-
lated by measuring input and output pow-
er. The high commonality of hardware
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system (in this case, it might be the
IF VGA) is varied until the correct
output power is measured at the
antenna. It is not necessary to
know the gain of the circuit or the
exact input signal amplitude; it is
just a matter of varying the gain or
input signal until the output power
is correct. This approach is often
(incorrectly) referred to as auto-
matic gain control or AGC. To be
correct, it should be referred to as
automatic power control or APC
since it is power not gain that is be-
ing precisely regulated.

Gain control takes a different
approach. Here, at least two power
detectors are used to precisely reg-
ulate the gain of the complete sig-
nal chain or a part thereof. A pre-
cise input signal is then applied to
the signal chain. A number of fac-
tors ultimately determine which
approach is used. Power control
requires only one power detector
and makes sense in a non-config-
urable transmitter whose compo-
nents are fixed. For example, pow-
er could be measured at the output
of the RF HPA but adjustments

would be made using the IF VGA.
Gain control, on the other hand,
may make more sense in a recon-
figurable system whose compo-
nents come from different vendors.
In the example, the input power
and output power of the HPA are
being measured (using detectors C
and D) so the gain can be regulat-
ed independent of the other blocks
in the circuit. Note that the pow-
er/gain control loops can be all
analog or microprocessor based.
Gain control would be less practi-
cal in the example since the two re-
quired detector signals (detectors
A and D) are physically remote
from one another. A more practical
approach would be to indepen-
dently control the gain of the in-
door and outdoor units.

RF DETECTORS
Until recently, most RF power

detectors were built using a tem-
perature-compensated half-wave
rectifying diode circuit. These de-
vices deliver an output voltage
that is proportional to the input
voltage over a limited dynamic

range (typically 20 to 30 dB). As a
result, the relationship between
output voltage and input power
in dBm is exponential (see Fig-
ure 2). While the temperature
stability of a temperature-com-
pensated diode detector is excel-
lent at high input powers (+10 to
+15 dBm), it degrades significant-
ly as the input drive is reduced. A
log detector, on the other hand,
delivers an output voltage pro-
portional to the log of the input
signal over a large dynamic
range (up to 100 dB). The temper-
ature stability is usually constant
over the complete dynamic
range. A log-responding device
offers a key advantage in gain
and VSWR measurement applica-
tions. In order to compute the
gain or the reflection loss, the ra-
tio of the two signal powers
(either OUTPUT/INPUT or
REVERSE/FORWARD) must be
calculated (see Figure 3). An
analog divider must be used to
perform this calculation with a
linear-responding diode detector,
but only simple subtraction is re-
quired when using a log-
responding detector (since log
(A/B) = log (A) – log (B)). A dual
RF detector has an additional ad-
vantage compared to a discrete
implementation. There is a natur-
al tendency for two devices (RF
detectors in this case) to behave
similarly when they are fabricat-
ed on the same silicon wafer.
Both devices will have similar
temperature drift characteristics,
for example. At the summing
node, this drift will cancel to yield
a more temperature-stable result.

GAIN MEASUREMENT
EXAMPLE

Figure 4 shows a transmitter
whose gain is regulated using a
dual power detector. The simplified
transmit signal chain shown con-
sists of a high performance IF-syn-
thesizing DAC, a VGA, a mixer/up-
converter and a high power ampli-
fier. High performance DACs, such
as the AD9786 and AD9779 that
run at sampling frequencies up to
500 MSPS and beyond, are capable
of synthesizing intermediate fre-
quency outputs (100 MHz in this
example). The output of the DAC is
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Nyquist filtered using a bandpass
filter before being applied to an
ADL5330 variable gain amplifier.
Conveniently, the amplifier accepts
a differential input that can be tied
directly to the output of the differ-
ential filter. This, in turn, is tied to
the DAC output. The VGA output
is converted from differential to
single-ended using a balun trans-
former, and is then applied to the
ADL5350 mixer. After appropriate
filtering (not shown), the signal is
amplified and transmitted at a
maximum output power level of 
30 W (approximately +45 dBm).

The gain of the signal chain is
measured by detecting the power
at the DAC output and at the out-
put of the HPA. The gain is then
regulated by adjusting the gain of a
VGA. At the DAC and PA outputs,
a sample of the signal is taken and
fed to the detectors. At the HPA
output, a directional coupler is
used to tap off some of the power
going to the antenna. The transfer
function of the AD8364 dual detec-
tor (see Figure 5) shows that at the
output frequency used (2140 MHz
in this case), the detector has the
best linearity and the most stable
temperature drift at power levels

below –10 dBm. Thus, the power
coming from the directional cou-
pler (+25 dBm max) must be atten-
uated before being applied to the
detector. If maximizing the detec-
tor dynamic range is not critical to
the application, the attenuation can
be conservatively set at 41 dB so
that the detector sees a maximum
input power of –16 dBm. This still
leaves about 34 dB of useful dy-
namic range over which the gain
can be controlled. To detect the in-
put power level at the DAC output,
a directional coupler is impractical
at this low frequency. In addition,
directional coupling is not neces-
sary since there will be little or no
reflected signal at this point in the
circuit. Furthermore, the power
being delivered to the VGA is –10
dBm, so the power to be delivered
to the detector is only 6 dB lower.
Since the detector has an input im-
pedance of 200 Ω and the VGA has
an input impedance of 50 Ω, it
quickly becomes clear that the two
devices can simply be connected in
parallel. With the same voltage
present at both inputs, the 50 to
200 Ω impedance ratio will result in
a convenient 6 dB power differ-
ence. Where high measurement

precision is required, care must be
paid to the temperature stability of
the power detectors. This issue is
further complicated if the tempera-
ture drift characteristics of the de-
tectors change with frequency. The
dual detector shown provides tem-
perature compensation nodes. The
temperature compensation is acti-
vated by connecting a voltage to
the ADJ pins of each detector (this
voltage can be conveniently de-
rived using a resistor divider from
the 2.5 V on-chip reference). No
compensation is required for the
low frequency input (ADJB is
grounded), while a 1 V compensa-
tion voltage is required at ADJA to
minimize temperature drift at 2.1
GHz. While the focus of the appli-
cation circuit is gain measurement,
it should be noted that input power
and output power can also be mea-
sured. The outputs of the individ-
ual detectors are available and can
be separately sampled. Because
the detectors are log responding,
their outputs can be simply sub-
tracted to yield gain. This subtrac-
tion is performed on chip and the
gain result is delivered as a differ-
ential voltage. The full-scale differ-
ential voltage is approximately ±4
V (biased up to 2.5 V) with a slope
of 100 mV/dB. Digitizing with a 10-
bit ADC with an LSB size of ~10
mV (±5 V full scale), 0.1 dB mea-
surement resolution is achievable.

VSWR MEASUREMENT
EXAMPLE

A dual log detector can also be
used to measure the reflection co-
efficient of an antenna. In Figure
6, two directional couplers are
used, one to measure the forward
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power and one to measure the re-
verse power. As in the previous ex-
ample, additional attenuation is re-
quired before applying these sig-
nals to the detectors. The AD8302
dual detector has a measurement
range of ±30 dB. The level planning
used in this example is graphically
depicted in Figure 7. In this exam-
ple, the expected output power
range from the HPA is 30 dB, from
+20 to +50 dBm. Over this power
range, reflection coefficients from
0 dB (short or open load) up to –20
dB should be able to be accurately
measured. Each of the AD8302’s
detectors has a nominal input
range from 0 to –60 dBm. In this
example, the maximum forward
power of +50 dBm is padded down
to –10 dBm at the detector input.
When the HPA is transmitting at its
lowest power level of +20 dBm, the
detector sees a power of –40 dBm,
still well within its input range.

The power from the reverse
path is padded down by the same
amount. This means that the sys-
tem is capable of measuring re-
flected power up to 0 dB. This
may not be necessary if the sys-
tem is designed to shut down
when the reflection coefficient
degrades below a certain mini-
mum (such as 10 dB), but it is
permissible because the detector
has so much dynamic range. For
example, when the HPA is trans-
mitting +20 dBm, the reverse
path detector will see an input
power of –60 dBm if the antenna
has a return loss of 20 dB. The
application circuit provides a di-
rect reading of return loss, but no
information is provided about the
absolute forward or reverse pow-
er. If this information is required,
the dual detector used in the gain
control would be more useful be-
cause it would provide a measure

of absolute for-
ward and reflect-
ed power along
with the reflec-
tion coefficient.
The dual log de-
tector used in the
return loss mea-
surement also
provides a phase
output. Because
of the large gain
in the main signal
path of a progres-
sive compression
log amp, a limited
(amplitude satu-
rated) version of
the input signal is

a natural by product. These lim-
iter outputs are multiplied togeth-
er to yield a phase-detected out-
put with a range of 180° centered
around an ideal operating point
of 90°. In a VSWR application, this
information constitutes the phase
angle of the reflected signal (with
respect to the incident signal) and
may be of use in optimizing the
power delivered to the antenna. 

AMPLIFIER GAIN
MEASUREMENT USING A
SINGLE LOG DETECTOR AND
AN RF SWITCH 

Figure 8 shows an alternative
approach to gain measurement,
which is also applicable to VSWR
measurement. In this application,
measuring and controlling the
gain of a PA is desired. The PA in
the example is running at 8 GHz
and has an output power range
from +20 to +50 dBm. This is a
fixed-gain PA, so the output pow-
er is adjusted by changing input
power. Two directional couplers
are used to detect input and out-
put power. However, there is only
a single log detector so the two
signals are alternately connected
to the detector using a single-
pole, double-throw RF switch.
The AD8317 detector has a 0 to
–50 dBm input range at this fre-
quency. To measure the gain, the
input and output powers are al-
ternately measured and digitized.
The results are then simply sub-
tracted to yield gain. Once the
gain is known, the digital control
loop is completed by making any
necessary adjustments to the gain
of the PA via a bias adjustment.
The level planning for this exam-
ple is shown in Figure 9. Attenu-
ation is used so that the two input
power levels at the RF switch are
close together and within the in-
put range of the detector.

PRECISE GAIN MEASUREMENT
WITHOUT FACTORY
CALIBRATION

In addition to reducing compo-
nent count, this gain measure-
ment method has a number of in-
teresting features. Because the
same circuit is being used to
measure input and output power,
it is possible to make precise,
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VOUT1 = SLOPE 

• (PIN1 – INTERCEPT)

To figure out the unknown, PIN, the
equation can be rewritten as

PIN1 = (VOUT1/SLOPE) – INTERCEPT

Since gain is the difference in the
measured input powers (the differ-
ent attenuation levels of the two
paths still have to be factored in), it
can be written as

GAIN = (VOUT1 – VOUT2)/SLOPE

Therefore, the intercept of the detec-
tor is not required to calculate the
gain. Even though the slope of a de-
tector will change from device to de-

vice and over temperature, if Vout1 and Vout2 are close
to each other (it can be done with good level plan-
ning and because of the finite input range of the de-
tector), a typical value for the slope can be taken di-
rectly from the datasheet and used in the above cal-
culation.

OUTPUT POWER MONITORING
In the gain measurement using a single log detec-

tor, the power is measured in order to calculate gain,
so the system shown can also be used to monitor the
output power. However, this cannot be done pre-
cisely without factory calibration. To calibrate the
circuit, the antenna must be temporarily replaced by
a power meter. The output power and detector volt-
ages are then measured at two points within the lin-
ear range of the detector. These numbers would
then be used to calculate the slope and intercept of
the detector. For optimum precision, the detector in-
cludes a temperature compensation pin. A resistor is
connected between this pin and ground to reduce
the temperature drift to approximately ±0.5 dB at the
frequency of operation (8 GHz in the example
shown). As a result, it is not necessary to do any ad-
ditional calibration over temperature.

CONCLUSION
Because of their linear-in-dB transfer function, log

amplifiers can be easily used to measure gain and re-
turn loss. When dual devices are used, very high mea-
surement precision is achievable. In some cases, this
can be achieved without factory calibration. In all cas-
es, careful power level planning is necessary so that
the power detectors are driven at power levels that of-
fer good linearity and temperature stability.  ■
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temperature-stable gain measurements without
ever calibrating the circuit. A look at the nominal
transfer function of a log detector will help in un-
derstanding why (see Figure 10).
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