..o2%... Agilent Technologies
e Innovating the HP Way

The Zero Bias Schottky
Diode Detector at
Temperature Extremes -
Problems and Solutions

Application Note 1090

Abstract

The zero bias Schottky diode de-
tector is ideal for RF/ID tag
applications where it can be used
to fabricate a receiver which con-
sumes no primary power.
However, its performance is
heavily dependent upon its satura-
tion current, which is a strong
function of temperature. At both
low and high temperature ex-
tremes, this dependence can lead
to degradation in performance.
The behavior of zero bias
Schottky diodes is analyzed, ex-
perimental data is given, and a
solution to the loss of perfor-
mance at cold temperatures is
presented.

Introduction

The zero bias Schottky diode de-
tector [11. [2] is widely used in RF/
ID and other applications where
no primary (DC) power is avail-
able in the standby or “listen”
mode. When combined with a
simple antenna to form a receiver,
it lacks the sensitivity of the su-
perheterodyne receiver, but offers
the advantages of very low cost
and zero power consumption. The
single diode detector is shown in
Figure 1.
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Figure 1. Diode Detector

R_ is the video load resistance. L,
the shunt inductance, provides a
current return path for the diode,
and is chosen to be large (com-
pared to the diode’s impedance)
at the input or RF frequency. C,
the bypass capacitance, is chosen
to be sufficiently large that its ca-
pacitive reactance is small
compared to the diode’s imped-
ance but small enough to avoid
having its reactance load the
video circuit [3].

Such detector circuits display a
characteristic transfer curve of
output voltage vs. input power as
shown in Figure 2.

Pin is the RF input power applied
to the detector circuit and Vg is
the output voltage appearing
across R|. As can be seen from
Figure 2, the transfer curve fol-
lows a square law (output voltage
proportional to the square of in-
put voltage) at low levels of input
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Figure 2. Detector Transfer Curve

power and displays quasi-linear
behavior (output voltage propor-
tional to input voltage) at higher
levels.

A key performance criterion for a
diode detector is the slope of the
transfer curve, y, generally ex-
pressed in mV/UW. One can plot y
vs. Pin as shown in Figure 3.

Such a plot is a more sensitive in-
dicator of detector performance
than the transfer plot of Figure 2.
Note that y is a function of exter-
nally applied bias (among other
parameters) in conventional (DC
biased) detectors. It can be noted
from Figure 3 that external bias
can be adjusted to trade sensitiv-
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ity for a wider dynamic range of
square law response.

A Schottky diode can be repre-
sented by the linear equivalent
circuit shown in Figure 4.

Lp is package parasitic induc-
tance. Cp is package parasitic
capacitance. Rg is the diode’s
parasitic series resistance. Cj is
junction parasitic capacitance and
Rj is the diode’s junction resis-
tance.

Figures 1 and 4 can be combined
to create both an RF and video
equivalent circuit of the Schottky
diode detector. The RF equivalent
circuit is given in Figure 5.

Note that this equivalent circuit
does not include the RF imped-
ance matching network which is
normally found between the diode
and the 50 Q source.

Figure 6 shows the video equiva-
lent circuit for the diode detector,
where Ct is the sum of bypass ca-
pacitance and input capacitance
of the video circuit.

Lp, Cp, and Ry are constants. Rs
has some small variation with
temperature, but that variation is
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Figure 4. Diode Equivalent Circuit
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Figure 5. RF Equivalent Circuit of a
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Figure 6. Video Equivalent Circuit of
a Detector

not a significant parameter in this
analysis. Cj is a function of both
temperature and DC bias, but this
analysis concerns itself with the
zero bias detector and the varia-
tion with temperature is not
significant. R; is a key element in
both equivalent circuits — its be-
havior clearly will affect the per-
formance of the detector circuit.

While many commercial applica-
tions cover a narrower
temperature range, the analysis
which follows will include the
140° from -55° to +85°C.

Junction Resistance

Three different currents affect the
junction resistance of a Schottky
diode. The first is the diode’s own
saturation current, ls, The second
is externally applied bias current,

Rj—

lo. The third is Ic = Vo/Ry, the cir-
culating current produced by rec-
tification in the diode. In the small
signal region of interest in this dis-
cussion, where I¢ < Ig, the
equation for junction resistance is:

nkT

=_Nx? 1
q (Is+1o) )

where n is the diode ideality fac-
tor (emission coefficient), k is
Boltzmann'’s constant (1.38062 x
10 -23 Joules/°K), q is the elec-
tronic charge (1.60219 x 10-19
Coulomb), and T is temperature in
degrees Kelvin.

The equation for saturation cur-
rent is given by:

2

T ”ﬂ(l_i)

le =1 A k \T To
s=1Iso 7o e

where Tg is 273°K (room tempera-
ture), Iso is saturation current
measured at room temperature
and  is the metal-semiconductor
Schottky barrier height (energy

gap).

&)

Combining these two equations
produces a relation for R; as a
function of temperature.

For a high performance zero bias
Schottky detector, such as the
Agilent Technologies HSMS-2850,
lso=3pA, n=12and y =0.35eV.
Using these values in (1) and (2)
results in the computed junction
resistance shown in Figure 7.
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Figure 7. Rj vs. Temperature for the
HSMS-2850

As can be seen from this figure, R;
varies by three and a half decades
over the 140°C temperature range.

This variation in Rj will affect two
performance parameters of vital
interest to the detector circuit de-
signer.

Performance Over
Temperature

Schottky Diode

The two performance parameters
of interest to the circuit designer
are the video bandwidth and volt-
age sensitivity of the detector.
The analysis of video bandwidth
as a function of temperature is
straightforward [3] and will be
shown first.

The video equivalent circuit
shown in Figure 6 has a low pass
filter response, with a 3 dB cutoff
frequency defined by

1

fo= ——— (3)
2nCt Rt
where
Rj R
Rr=—l— 0

Rj+R|_
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where y is the detector’s voltage
sensitivity for R = infinity.

The analysis of voltage sensitiv-
ity as a function of temperature
for a Schottky diode detector is
complex. Harrison and Le
Polozec [5] have provided an ex-
act analysis for zero frequency,
as shown in Equation 6 below.
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Figure 8. fc vs. Temperature for the
HSMS-2850

Using the variation in Rj given in
Figure 7, the variation in video
bandwidth can be computed.
Typical values of R =100 KQ and
Ct =50 pF were used to compute
the curve of cutoff frequency vs.
temperature shown in Figure 8.

As can be seen from this plot,
video bandwidth can shrink to a
value as low as 30 KHz at -55°C.
Many RF/ID systems [4] use data
rates which are higher than 30
KHz. Of course, a reduction in Ct
will improve bandwidth, but there
are practical limits to how low
total capacitance can be made.
Similarly, a reduction in R will
increase video bandwidth, but at
the expense of voltage sensitivity,
according to the following rela-
tionship.

RL

R|_+Rj

®)

Yoc

o In Equation 6, lo is the zero-order

modified Bessel function of the
first kind, Pjnc is the incident RF
power, Rg is the generator or
source resistance, A = g/KT. This
equation can be solved for Pjnc as
a function of Vg using Mathcad(1)
and the work-sheet shown in [6].

An examination of Equation (6)
will reveal that only A and I are
functions of temperature, aside
from the small variation of Rg
mentioned earlier. This equation
can be applied to a zero bias
Schottky diode, such as the
HSMS-2850, terminating a 50 Q
source as shown in Figure 1.
Curves of voltage sensitivity vs.
input power and temperature can
then be calculated as shown in
Figure 9.

Due to the choice of the optimum
value for I [2], the diode shows
reasonable sensitivity at 25°C
(despite the lack of an RF imped-
ance matching network) and
good square law response

(1) Product of MathSoft, Inc., 201
Broadway, Cambridge, Massachusetts
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Figure 9. yvs. Piy and Temperature
for the HSMS-2850 at zero frequency

(flat y) almost to -30 dBm. At
85°C, Is has increased beyond the
optimum, and sensitivity suffers
slightly. However, behavior at
—55°C does not follow traditional
models; sensitivity peaks at

-8 dBm, and drops off to less than
half the peak value at small signal
levels where detectors are most
often used. This anomalous effect
is the consequence of the very
low value of Ig at -55°C.

While a powerful and convenient
tool, Equation (6) neglects the ef-
fects of diode junction
capacitance, package parasitics
and RF input matching network,
all of which are part of practical
diode detectors.

Detector Diode and Circuit

In [1], several detector designs
with RF impedance matching net-
works are presented, along with
test data obtained at 25°C. The
2.45 GHz single-diode detector
designed around the 25°C charac-
teristics of the HSMS-2850 device
was chosen for further analysis
and test over temperature.

An analysis tool [7] was created to
add the effects of frequency and
reactive circuit elements to Equa-
tion (6). This tool was applied to
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Detector

the 2.45 GHz detector and the re-
sulting data were compared to
performance measured on a pro-
totype circuit. Calculated and
measured data are shown in Fig-
ure 10.

In this figure, the top curve is the
calculated sensitivity at 25°C,
which is compared to the mea-
sured data (indicated by boxes).
The middle curve and “X” marks
compare calculated and measured
at -55°C. The bottom curve and
circles compare calculated and
measured at 85°C. Note that in
this case, where a RF input im-
pedance transformer has been
placed between source and diode,
voltage sensitivity is ten times
greater at 25°C. However, sensi-
tivity drops rapidly at 85°C,
compared to the unmatched case
shown in Figure 9. Agreement be-
tween calculated and measured is
good except for the data at 85°C.
As in the zero frequency case
shown in Figure 9, performance at
-55° is anomalous, except that the
effect of the RF input matching
network was to shift the peak
value of y from -8 dBm down to
—22 dBm.

A more common diode detector
measurement is output voltage vs.
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Figure 11. Output Voltage vs.
Temperature, 2.45 GHz Detector

temperature at some fixed value
of input power. Such data were
obtained for the experimental cir-
cuit with Pj, =-30 dBm, and are
compared to a calculated curve in
Figure 11.

As was the case in Figure 10,
agreement between predicted per-
formance and experimental data
is good except at higher tempera-
tures.

An examination of (2) and (6) will
show that variation in Ig with tem-
perature is larger and more
significant than the variation in A.
Not only does the temperature
sensitivity of I directly affect y as
given in (6), but it results in wide
swings in Rj, as was seen in Figure
7. This, in turn, can change the
input impedance match and result
in substantial impedance mis-
match losses at temperature
extremes. Calculated input match
for the 2.45 GHz detector under
discussion is given in Figure 12.
Circles on the Smith Chart are im-
pedances given at 10° increments.

The design of the input impedance
matching transformer was done at
25°C. From this figure, it can be
seen that the input match is fairly
good until temperature exceeds
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Figure 12. Calculated Zjn vs. Temperature, 2.45 GHz Detector

50°, after which it degrades
quickly. Severe mismatch losses at
the input to the detector are the
result, lowering the power deliv-
ered to the diode’s junction.

Because the impedance at high
temperatures swings out from the
origin of the Smith Chart so rap-
idly, a small error in modeling the
impedance matching network can
lead to errors in the prediction of
high temperature sensitivity. This
accounts for the difference be-
tween measured and predicted in
Figure 11. However, a sensitiv-
ity analysis of the matching net-
work is beyond the scope of this

paper.

It can be seen that loss of video
bandwidth and voltage sensitivity
at cold temperatures is due to very
low values of saturation current,
leading to a drop in performance
as predicted by (3) and (6). At
high temperatures, RF impedance
mismatch losses at the input to
the detector lead to loss of sensi-
tivity. These two different prob-
lems suggest two different solu-
tions.

Compensation Methods

Low temperature compensa-
tion:

Conventional DC biased detectors
generally operate from a continu-
ous current of 10 to 30 pA, and
offer greater temperature stability
than the zero bias Schottky detec-
tor. However, these are devices
with saturation currents in the
nanoamp range. Nevertheless, the
use of supplemental DC bias cur-
rent suggests itself as a solution
to poor video bandwidth and low
sensitivity at low temperatures.

The 2.45 GHz detector described
in Figures 10, 11 and 12 was
tested with small amounts of
supplemental DC bias, as shown
in Figure 13.

It can be seen that less than 1 pA
of current can compensate for
loss of sensitivity at cold tempera-
tures. An examination of Figure
13 suggests that 0.5 A of supple-
mental bias current would
produce a flat output voltage from
-55° to 15°C.

At temperatures above 20°C,
these small amounts of external
bias current have virtually no ef-
fect on output voltage.
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Figure 13. Measured Vg vs.
Temperature, 2.45 GHz Detector

An analysis was performed of the
small signal transfer curve of this
detector at -55°C as a function of
external DC bias, as shown in Fig-
ure 14,

It can be seen that a supplemental
DC bias of 0.5 pA dramatically
brings up the voltage sensitivity in
the small signal region, nearly
eliminating the anomalous behav-
ior observed at zero bias.

In addition, this small DC bias pre-
vents junction resistance from
exceeding 43 KQ at tempera-
tures below -20°C, raising the 3
dB video bandwidth below this
temperature to a minimum of 100
KHz (refer to Figure 8).
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High Temperature
Compensation

As was seen in Figure 12 and from
comparing Figures 9 and 10, RF
impedance mismatch is the major
cause for poor voltage sensitivity
at 85°C.

To compensate for poor sensitiv-
ity at 85°C, the input matching
network for the 2.45 GHz detector
under discussion was redesigned.
Calculated input parameters for
this high temperature detector are
shown in Figure 15.

In this case, care was taken to
provide a perfect match at 85°C,
allowing the match at other tem-
peratures to degrade. This
approach contrasts sharply to the
impedance behavior given in Fig-
ure 12. Output voltage vs.
temperature was then calculated
for this new design, as shown in
Figure 16.

Three plots are given in this fig-
ure. The first (dotted line) is the
output voltage at zero bias for the
original design (a copy of the data
from Figure 11). The second
(dashed line) is the zero bias out-
put voltage for the redesigned
matching network described in
Figure 15. The third (solid line) is
that same matching network, but
with 0.5 pA of supplemental bias
added. It can be seen from com-
paring the dashed and dotted
plots that changing the RF imped-
ance transformer raised the
output voltage at 85°C and re-
duced it at temperatures under
55°C. The tradeoff for this tem-
perature compensation is lower
output voltage at room tempera-
ture.

The addition of 0.5 yA of supple-
mental bias had no practical

effect on output voltage for tem-
peratures over 20°C, but brought
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it up at -55°C. Because the RF im-
pedance mismatch is so poor at
-55°C in this revised design, addi-
tional supplemental bias would be
required to completely compen-
sate output voltage at cold
temperatures.

The ratio of output voltage at
25°C to that at 85°C went from 6.9
(dotted line, Figure 16) to 2.7
(solid line) because of the design
change. That ratio can be further
reduced, but at the expense of
sensitivity at room temperature.
Referring to Figure 15, this can be
done by moving the impedance
match at 85°C to the left along the

real axis (towards the zero resis-
tance point).

This approach to the temperature
compensation of the Schottky di-
ode detector works as well at any
other RF frequency. The remain-
ing discussion will focus on
methods of controlling or limiting
the supplemental bias current.



Bias Control

A simple way to obtain a supple-
mental bias current is with a DC
voltage source and a resistor. This
is similar to conventional DC bi-
ased detector diodes except with
a lower bias current level, as
shown in Figure 17.

R>RL

[

Figure 17. DC Biased Detector

If a5V battery is used in series
with a 10 MQ resistor, a bias cur-
rent of 0.5 uA will be supplied,
increasing the output voltage at
low temperatures as shown in Fig-
ure 16. In many tag designs with
READ/WRITE capability, a 5 volt
power source is readily available.
The 10 MQ resistor value does not
load down the video circuit whose
load resistor R is typically 1 KQ -
100 KQ. However, this current
flow will be continuous and
would shorten the battery (and
tag) life. In addition, bias current
has no practical effect at tempera-
tures greater than 20°C. Thus,

bias control that is temperature
dependent is needed.

Thermistor with Positive
Temperature Coefficient

By replacing the 10 MQ resistor in
Figure 17 with a thermistor that
has a positive temperature coeffi-
cient (PTC), the supplemental
bias current would decrease at
higher temperatures where it is
not needed (to save battery life)
and increase at lower tempera-
tures to improve performance.

The AIRPAX Series 5024 Ther-
mistors have a PTC characteristic
as depicted in Figure 18.

R2

LOG RESISTANCE

Ry

T1
TEMPERATURE

Figure 18. Typical PTC Thermistor

By specifying that R1 = 10 MQ, R»
=100 MQ, and T1 = 10°C, the 0.5
MA of bias current would flow
when T < 10°C, and only 50 nA
would flow when T > 10°C. Other
values of R, R», and T1 can be
selected to achieve optimum tag
performance at specific tempera-
ture ranges.

Power Supply with Thermostat
Using a thermistor, some current
still flows even though it is not
needed. Replacing the thermistor
with a thermostat whose ON/OFF
state is dependent on tempera-
ture, the bias current can be
completely shut off so that no pri-
mary power is consumed at the
higher temperatures (Figure 19).
Note that the use of a low resis-
tance thermostat requires the use
of the 10 MQ resistor seen in Fig-
ure 17.

Figure 19. Detector with Thermostat

A snap action, bimetal disc switch
such as the AIRPAX Series 5003
Thermostat can be used to turn
the bias current on or off at differ-
ent temperature set points. These
switches are very reliable whose
contact operation can be designed
to close (open) when the tempera-
ture is decreasing (increasing)
through a specified setpoint. This
supplies the bias current only
when needed so that no current is
flowing at higher temperatures.
Although these thermostats add
cost to the circuit, the user may
find that the performance and
maintenance benefits outweigh
these costs.

IC switches are also available that
are temperature dependent. How-
ever, most require a supply
voltage to operate and may have
significant current levels even in
the OFF position.

Conclusion

The effects of temperature upon
the performance of the zero bias
Schottky diode detector have
been analyzed and compared to
experimental data. Two methods
of compensation, for low and high
temperature extremes, have been
described.
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