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Department of Electrical, Computer, and Energy Engineering, University of Colorado, Boulder, CO 80309, USA.
E-mail: robert.scheeler@colorado.edu, zoya.popovic@colorado.edu
Abstract—A GaAs MMIC active cold load for a wearable
microwave radiometer is presented. A design procedure capable
of achieving a minimum noise temperature at a specific bias
point is described. A measured equivalent noise temperature of
less than 90 K from 1.3 GHz to 1.5 GHz while maintaining an
input return loss greater than 28 dB is demonstrated.
Index Terms—Noise measurement, MMICs.
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I. I NTRODUCTION
This paper presents an active noise source developed for a
compact 1.4 GHz radiometer. The motivation for reduced size
is a wearable microwave medical thermometer for monitoring
internal body temperature, e.g. [1]. Radiometers are calibrated
by switching the receiver from the antenna to a load of
a known temperature [2]. The calibration is demonstrated
in Fig. 1, showing hot and cold calibration standards. Cold
standards are often cooled absorber loads, which tend to be
large. An avalanche diode may be used as a more compact
noise source. However, avalanche diodes result in a very high
equivalent noise temperature, and are generally used as a hot
calibration standards. A cold equivalent noise temperature can
be a achieved by using an active cold load (ACL), which is
represented by the cold standard Tc in Fig. 1. An ACL noise
source using a MESFET device demonstrated a temperature
of 48 K at 1.4 GHz [3]. Other hybrid designs have been done
utilizing GaAs and InP FETs [4] and SiGe HBT [5]. MMIC
designs of active cold loads from 2 to 26 GHz are presented in
[6]. Although hybrid designs have been done below 2 GHz, to
the authors’ knowledge no MMIC designs have been presented
at these frequencies.
II. N OISE S OURCE M ODEL AND D ESIGN P ROCEDURE
A. Noise Source Model
The theory presented in [7] gives an expression for the
output noise power seen at the input of the transistor and is
given here for completeness. The incident noise temperature
at plane 1 of Fig. 2 can be expressed as
Ts,1 = Tb +

[(

(
)
)
T1 1 − |ΓS |2 + Ta G21 |ΓL |2
(
)]
+T2 1 − |ΓL |2 G12 [K]

(1)

where T2 is the temperature of the termination and T1 is
the temperature of the system connected to the input of the
transistor. G12 and G21 are power gains calculated from the
S-parameters of the transistor. The alternate noise parameters

Fig. 1. Block diagram for a radiometer demonstrating calibration with hot
(Th ) and cold (Tc ) calibration standards.

Plane 1

T1

ΓS

Ts,1

ΓL

Input
Match/
Bias

Output
Match/
Bias

[S]

System

Ts,2

Transistor
Γin

Plane 2

T2
Load

Γout

VGS

VDS

Fig. 2. Block diagram for the ACL design showing the input and output
matching and bias networks necessary for the design in which the input of
the device is presented with ΓS and the output of the device is presented with
ΓL .

Ta and Tb are given by [7]
Tk |Γ′opt |2
1 − |Γ′opt |2

[K]

(2)

Tk
− Te(min)
1 − |Γ′opt |2

[K]

(3)

Ta = Te(min) +
Tb =

where Te(min) = T0 (NFmin − 1) and Tk = 4T0 Rn Gopt where
Rn is the equivalent noise resistance and Gopt is the optimum
noise conductance for the transistor. Γ′opt for an unmatched
load is related to Γopt by
Γ′opt =

Γ∗in − Γopt
Γopt Γin − 1

(4)

The input and output matching/bias networks as seen in Fig. 2
must be designed to transform source and load impedances to
present the necessary ΓS and ΓL to the device. The noise
power Ts,1 incident on plane 1 given in (1) will be minimized
by appropriate circuit design. To minimize Ts,1 , first the
optimum noise match condition is utilized by designing an
input matching network such that ΓS = Γopt . The input power
match condition is satisfied then by Γin = Γ∗opt . To achieve the
input power match condition the reflection coefficient at the
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Γ∗opt − S11
(
)
S12 S21 + S22 Γ∗opt − S11

(5)

The input power match condition will result in Γ′opt = 0
which can be used to simplify (1). The simplified expression
is minimized with respect to |ΓL | by solving ∂Ts,1 /∂|ΓL | = 0
where
[( (
)
)
]
∂Ts,1
= 2 T1 1 − |ΓS |2 + Te(min) G21 + T2 G12 |ΓL |
∂|ΓL |
(6)
Therefore, minimizing Ts,1 under the conditions of optimum
noise match and input power match is done by minimizing
|ΓL |. The minimum will occur as |ΓL | → 0. Under this
condition, the reflection coefficient looking into the transistor
is Γin = S11 . When ΓL = 0 the input power match condition
∗
dictates that Γopt = S11
. This can be satisfied by altering the
S-parameters of the device which can be done by changing
the bias point or varying the source inductance.
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Fig. 3. Simulated Ts,1 and |ΓL | calculated from (5) for a TriQuint 0.5 µm
pHEMT device. The transistor was biased at 1.7 V on the drain and the ideal
source inductance was varied from 0.5 nH to 3 nH for two different gate biases
corresponding to 0.5 V and 0.788 V. A minimum in Ts,1 is achieved when
|ΓL | is minimized.
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B. Minimized Ts,1 Example
To demonstrate Ts,1 is minimized when the input power
match condition requirement on |ΓL | → 0, two separate bias
points were considered for a TriQuint 0.5 µm GaAs pHEMT
device. Simulations were carried out using AWR Microwave
Office and the device was modeled with TriQuint’s nonlinear
TOM3 model. A 300 µm gate periphery TriQuint device
was biased at two different gate bias points (VGS = 0.5 V,
VGS = 0.788 V) while the drain was biased at VDS = 1.7 V.
An ideal inductor was placed on the source of the transistor and its inductance was varied. The device, source, and
load temperatures are assumed to be at 298 K. The input
is assumed to be matched to Γopt and the output reflection
coefficient is given in (5) to achieve an input power match.
Fig. 3 demonstrates a minimum in Ts,1 is achieved when the
magnitude of the load reflection coefficient ΓL from (5) is
minimized. For a gate bias of VGS = 0.788 V a minimum
occurs with a source inductance of 1.03 nH corresponding to
Ts,1 = 19 K and |ΓL | = −58.4 dB which is approximately
∗
zero. If |ΓL | = 0 then the following relation is true Γopt ≈ S11
.
If ΓL is not zero, a minimum in Ts,1 will still occur when
|ΓL | is minimized. This is demonstrated in Fig. 3 for a gate
bias of VGS = 0.5 V and a source inductance of 1.95 nH
corresponding to Ts,1 = 304.4 K and |ΓL | = −13.3 dB.
The lowest value for Ts,1 was achieved for the gate bias
point of VGS = 0.788 V by varying the source inductance
∗
such that Γopt ≈ S11
. The conjugate of the device input
∗
reflection coefficient S11
along with the optimum noise reflection coefficient for the two bias points vs. source inductance
from 0.5 to 3 nH are plotted on a Smith chart shown in
∗
Fig. 4. It is seen that S11
and Γopt are approximately equal
∗
(S11
≈ Γopt ≈ 0.586 + j0.224) at a point corresponding
to 1.03 nH which is the source inductance corresponding to
a minimum in Ts,1 . If the two are equal the input to the
noise source is matched and the load should be terminated
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Fig. 4. The optimum noise match (Γopt ) and conjugate of device input
reflection coefficient vs. ideal source inductance ranging from 0.5 to 3 nH for
two different gate bias points (VGS = 0.5 V and VGS = 0.788 V) with the
∗ and
drain biased at VDS = 1.7. For the gate bias VGS = 0.788 V S11
∗ ≈Γ
Γopt are approximately equal (S11
opt ≈ 0.586 + j0.224) for a source
inductance of 1.03 nH. The Smith chart is normalized to 50 Ω.

in a matched load. This is not the case for a gate bias of
VGS = 0.5 V and therefore ΓL is not zero for an input power
match.
C. Design Procedure
To design an ACL with a minimum noise temperature the
following procedure is applied:
1. Select a bias point for the transistor and determine the
scattering and noise parameters for the biased transistor.
2. Calculate ΓL from (5) and vary the source inductance to
find a minimum for the calculated value of Ts,1 and |ΓL |.
3. Design output matching network to meet the condition
for ΓL given by (5).
4. Design the input matching network such that ΓS = Γopt .
The design procedure can be iterated for different bias points
such that a minimum in Ts,1 and |ΓL | can be attained.

III. G A A S MMIC N OISE S OURCE D ESIGN AND
M EASUREMENTS
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Fig. 6. Simulated optimum noise match and the conjugate of the reflection
coefficient looking into the device are shown along with the reflection
coefficient looking towards the source (ΓS ) through the input match and bias
network vs. frequency from 1 to 2 GHz. The input match is shown looking
into the noise source (Γ′in ). The Smith chart is normalized to 50 Ω, and the
markers on the plot correspond to 1.4 GHz.
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Fig. 7. Simulated Ts,1 and input match of the MMIC ACL demonstrating
a Ts,1 = 70.9 K with an input match of −27 dB at 1.4 GHz.

an input match of −27 dB at 1.4 GHz. The final layout of the
chip is shown in Fig. 8 where the dimensions of the chip are
2.5 mm× 2.5 mm.
B. Experimental Results
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To develop a compact cold calibration load for a 1.4 GHz
wearable microwave radiometer system, the design procedure
above was applied to a TriQuint 0.5 µm GaAs pHEMT with
300 µm gate periphery using TriQuint’s nonlinear TOM3
model biased at VGS = 0.72 V and VDS = 1.7 V. The source
inductance was varied to achieve a minimum in |ΓL |. An
inductor was designed and simulated using the 3D planar
Method of Moments solver AXIEM available in AWR Microwave Office. Once a minimum in |ΓL | was achieved the
cold noise source could be designed by matching the input
and placing bias tees at the input and output as seen in Fig. 5.
The input network and bias tee were simulated in AXIEM.
The match was achieved using a shunt capacitor and series
inductor. The bias line consisted of a shunt capacitor and
series inductor to achieve a 90◦ phase shift and an RF shorting
capacitor, and finally a series capacitor was placed to block
DC.
Fig. 6 shows the source reflection coefficient, optimum noise
∗
match, and transistor S11
. The input network is designed as
a compromise between input power match and noise match
which can be seen by the markers placed at 1.4 GHz. Additionally, the reflection coefficient looking into the noise source
(Γ′in ) is plotted to demonstrate the input match is better than
25 dB at 1.4 GHz denoted by the marker. The output was
terminated in a 50 Ω bias tee.
To determine the value of Ts,1 at the output of the
MMIC, (1) was used. After placing the simulated input and
output networks on the transistor biased at VGS = 0.72 V
and VDS = 1.7 V, the whole ACL is considered as a 2
port network characterized by its S-parameters and noise
parameters. These are determined in simulation by combining
the AXIEM simulations with the nonlinear TOM3 model. Ts,1
is determined assuming the source and load are terminated
in the system impedance (ΓS = ΓL = 0). The resulting
equivalent noise temperature and input match of the MMIC
ACL are shown in Fig. 7 demonstrating a Ts,1 = 70.9 K with
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Fig. 5.
Schematic of the active cold noise source. Additional source
inductance was added such that the optimum load impedance is 50 Ω such
that no output matching network is needed.

The MMIC shown in Fig. 8 was placed on a microwave
substrate carrier and connected with bond wires. The board
was then placed in a shielded box and the input of the cold
noise source was connect to an SMA connector. The MMIC
was measured at the National Institute for Standards and
Technology (NIST) using an automated coaxial radiometer
system (NFRad). First, the input match of the noise source was
measured to correct the raw noise measurements due to mismatch. The noise source demonstrated a measured equivalent
noise temperature of less than 90 K from 1.3 GHz to 1.5 GHz.
Some of the temperature increase is due to parasitics from
placing the MMIC on a carrier. If the packaging parasitics
are accounted for along with an additional 220 pH of source

demonstrated an equivalent noise temperature of less than
90 K from 1.3 GHz to 1.5 GHz while maintaining a return loss
greater than 28 dB.

(3)

(2)

ACKNOWLEDGMENT
The authors wish to thank Dr. David Walker and Rob
Billinger of the National Institute of Standards and Technology
(NIST), Boulder, CO for their help with the measurements
and TriQuint Semiconductor for access to their 0.5 µm GaAs
pHEMT process.

(1)

R EFERENCES

(4)
Fig. 8. Photo of the 1.4 GHz GaAs MMIC. The noise source with the input
and output bias tees and input matching network is labeled by (1). The test
circuits are a blocking capacitor (2), input matching network (3), and transistor
test circuit (4).

inductance the simulated temperature is approximately 75 K
as opposed to the original simulation without parasitics which
was 71 K. The comparison between simulated and measured
equivalent noise temperature and input reflection coefficient
is shown in Fig. 9. The measured input match is better than
simulation, and the temperature Ts,1 is within 6 to 15 K (8 to
17%) of simulation.
IV. C ONCLUSION
A design procedure for obtaining a minimum equivalent
noise temperature of an active cold load is presented utilizing
the equations given in [7]. An example is shown demonstrating a minimum in Ts,1 for two different bias points of
a TriQuint 0.5 µm GaAs pHEMT device using TriQuint’s
nonlinear TOM3 model. The procedure is applied to a 1.4 GHz
GaAs MMIC design for a wearable microwave radiometer for
core body temperature measurement. The packaged MMIC
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Fig. 9. Measured Ts,1 and reflection coefficient of the packaged MMIC
noise source demonstrating an equivalent noise temperature of approximately
90 K while maintaining an input reflection coefficient of less than -50 dB at
1.4 GHz.
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