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Technique for reduction of noise resistance
in a balanced low-noise amplifier for
beam-steering applications
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This paper, following up on the previous work, investigates the effect of the input coupler’s load termination of a balanced
amplifier in a beam-steering system. The noise generated in this load termination deteriorates the amplifier noise resistance,
which increases the noise temperature due to a varying active reflection coefficient at the antenna ports as a function of scan
angle. In reducing this effect, the balanced configuration is made more favorable for radio astronomy applications. By low-
ering the value of the impedance termination on the fourth port of the quadrature coupler an improvement in noise temp-
erature sensitivity is achieved at the cost of reduced power matching.
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I . I N T R O D U C T I O N

The square kilometer array (SKA) [1] will be a next gener-
ation, ground based, radio telescope that will provide unsur-
passed sensitivity and multiple beams of high resolution in
the radio frequency window from 70 MHz to 30 GHz and
will be operational below 10 GHz by 2022. It will be built to
further the understanding of phenomena in the Universe.
To help define the requirements, consideration has been
focused on five Key Science Projects (KSPs) [2].

The technical specifications [3] are derived from the KSP,
but are constrained by other aspects of design, such as feasi-
bility and cost. The construction will be determined by the
results of ongoing pathfinder projects and design studies [4].
Two such projects require a large number of amplifiers
for their aperture array tiles [5] and phased array feeds [6].
As the size of these feeds precludes cryogenic cooling, room
temperature amplifiers are used.

The excellent input matching over broad bandwidth makes
balanced amplifiers a serious candidate for the first stage low-
noise amplifier (LNA) of these systems, despite the increased
noise temperature with respect to single-ended amplifiers.
Nevertheless, lowest possible noise performance is of utmost
importance for the SKA and minimizing noise contributions
to the system noise budget is essential to obtain this goal of 40
and 55 K (noise figure (NF) of 0.56 and 0.75 dB) [7], respectively.

One such noise contribution is the noise coupling between
the antenna elements of the array systems being considered

for the SKA, which may result in increased system noise temp-
eratures due to a changing active reflection coefficient at the
antenna ports as a function of beam steering [8, 9]. This
change in the active reflection coefficient is a result of the coup-
ling between antenna elements and the way the output signals
are combined during signal processing to alter the beam pattern
of the array. The sensitivity of the noise temperature of the
amplifiers to impedance changes at their inputs, defined by
its noise resistance, Rn, should be as small as possible.

In this paper, following on the previous work [10], the
noise parameters of the balanced amplifier are studied in
order to find a way to reduce Rn without a significant negative
effect on the amplifier’s noise, match and gain properties.

I I . T H E O R Y

The noise temperature, Te, of an LNA as a function of its set of
noise parameters is given by [10]

Te = Tmin +
4RnT0

Z0

|Gs − Gopt|2

|1 + Gopt|2(1 − |Gs|2)
, (1)

where Tmin is the minimum noise temperature, Rn is the noise
resistance, T0 is the IEEE defined standard temperature of
290 K, Z0 is the characteristic impedance at the output of
the antenna element, Gs is the source reflection coefficient
and Gopt is the optimal source reflection coefficient that
results in minimum noise temperature.

The ultimate goal in LNA design is to achieve the minimal
noise temperature, Tmin, by providing the optimum source
reflection coefficient, Gopt, at the LNA input by transformation
of the source impedance to the optimum impedance with a
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matching circuit, as depicted in Fig. 1. However, this does not
provide simultaneous power and noise matching at the LNA
input, but achieves noise match at the expense of a high-input
reflection coefficient r.

The balanced amplifier provides a solution for simul-
taneous noise and power matching, at octave bandwidths
required by the SKA. Power matching at the input of the
balanced amplifier is achieved by placing two noise-matched
LNAs in a configuration with quadrature couplers, as depicted
in Fig. 2. The high-input reflections of the LNA are cancelled
at the load termination on the input quadrature coupler,
denoted as Z0, while maintaining the LNA gain and noise
properties.

The component amplifiers are ideally noise matched to Z0.
This follows from the definition of the component amplifiers
in [10]. If the condition of ideal noise matching to Z0 is not
fulfilled, then the resulting component amplifiers effective
noise temperature will increase with respect to Tmin, but
the effect of the termination on the fourth port of the quadra-
ture coupler on the noise temperature sensitivity for impe-
dance variations at the balanced amplifier input remains the
same.

Apart from the noise resistance, the noise parameters of an
ideal balanced amplifier are equal to those of the two com-
ponent amplifiers, for the case when the two component
amplifiers are both ideally noise matched to Z0 and that the
quadrature couplers are ideal over the whole band. This is
because part of the noise generated in the load termination
on the input quadrature coupler, Z0 at ambient temperature
Ta, will be reflected at the input port of the balanced amplifier
when the input port is not power matched. This will have a
considerable contribution when the source input port is not
ideally power matched [11].

The noise temperature, Te, of a balanced amplifier as a
function of its noise parameters is derived by referring the
noise from the component amplifiers, as given by (1), to the
input port of the balanced amplifier and by taking into
account the noise from the input termination, resulting in [10]

Te = Tmin +
4RnT0

Z0

|Gs|2
1 − |Gs|2

+ Ta
|rGs|2

1 − |Gs|2

= Tmin +
4R1

nT0

Z0

|Gs|2
1 − |Gs|2

,

(2)

where Rn is the noise resistance of the noise-matched com-
ponent amplifiers (Gopt ¼ 0), Rn

1 is the noise resistance of the
balanced amplifier and Ta is the ambient temperature.

Using (2), the increase in the normalized noise resistance of
the balanced amplifier, Rn

1/Z0, with respect to the normalized
noise resistance of the component amplifier, Rn/Z0, is

Drn = Ta|r|2
4T0

, (3)

where the increase in rn for poorly power-matched com-
ponent amplifiers of a room temperature balanced amplifier
has a maximum value of 0.25. For component amplifiers
with moderate input reflection coefficient, Drn will be
reduced proportionally to |r|2.

Replacing the termination on the input coupler by a short
circuit would effectively eliminate its noise contribution.
However, instead of being absorbed by the termination, the
reflected signals emerging from the inputs of the component
amplifiers will now be reflected at the short-circuit termin-
ation and will enhance the noise power emerging from the
balanced amplifier input with a factor of 1+|r|2, making the
noise behavior more sensitive to input reflections.

The increase in normalized noise resistance of the balanced
amplifier, Rn

1/Z0, with respect to the normalized noise resist-
ance of the component amplifier, Rn/Z0, becomes

Drn = rn|r|2, (4)

where the maximum increased rn value of the balanced ampli-
fier would be twice that of the component amplifiers. In general,
the increased rn value with a short circuit will be lower than
with a matched termination at the input coupler port.
However, having a short-circuit termination will cause con-
siderable deterioration of the balanced amplifier’s input match.

Although it would result in an input reflection coefficient
r2 compared to zero-input reflection coefficient for a balanced
amplifier with a load termination on the input coupler, having
a short-circuit termination gives an improvement in return
loss of a factor of two, with respect to that of the component
amplifiers. In some cases, the trade off between input match-
ing and noise performance, low rn and low sensitivity to
varying source impedance, could result in a choice for this
solution.

I I I . D E S I G N F O R O P T I M U M
S E N S I T I V I T Y A N D M A T C H I N G

Two expressions for the increase in rn have been given with
respect to the component amplifiers, for a balanced amplifier
with ideal and deteriorated input matching determined by the
input coupler load. In practice a compromise may be found
witha a load resistor value between 50 and 0 V, leading to
acceptable input matching and sensitivity to source impe-
dance variations, by optimizing an LNA design with the
load resistor value as a free parameter.

In order to test whether this method leads to a potential
solution for the SKA, a balanced amplifier was designed to
meet the first stage LNA specifications of Aperture Tile in
Focus (APERTIF) [6], as defined in Table 1. The emphasisis
on maintaining the match, gain and noise properties of the

Fig. 2. Diagram of power-matched balanced amplifier, where the high-input
reflection of the noise-matched amplifiers is cancelled at the load
termination on the input quadrature coupler.

Fig. 1. Diagram of noise-matched amplifier, with the source impedance
transformed to the optimal source impedance to achieve minimal noise
temperature at the expense of high input reflection.
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standard balanced amplifier, but with a decreased sensitivity
to source impedance changes, for example due to changes in
the active reflection coefficient at the input port as a function
of beam steering.

To simplify the design, an application board for a balanced
amplifier making use of dual low-noise integrated amplifiers
operating over this frequency range is used [12]. The ampli-
fiers’ noise parameters, as well as their input reflection coeffi-
cients, at three frequencies are given in Table 2. The noise
parameters are very appealing; however, the high-input reflec-
tion coefficient needs to be reduced in this configuration.

The lumped element values of the matching components of
the original balanced amplifier design are recalculated to find
a compromise between: (1) the nearly ideal input power
match obtained when using a input load termination of Z0

with relatively large rn value; and (2) the reduced sensitivity
to a varying source impedance, with the value of the load ter-
mination of the input coupler kept to a minimum.

The combination of the low values for the noise parameters
of the component amplifiers and the decreased sensitivity to a
varying source impedance, would make this balanced ampli-
fier configuration ideal for beam steering.

I V . R E S U L T S

The amplifier was designed in AWR MWO, using the circuit
model of the application board, as depicted in Fig. 3. The core
component of the balanced amplifier is the dual low-noise
integrated amplifier in the middle of the circuit, X3. This com-
ponent’s noise properties are optimized around 1.4 GHz by
selecting appropriate values for the four transmission lines,
T1, . . ., 4, the four inductors, L1, . . ., 4, and six of the capacitors,
C1, . . ., 6,. Also, this component’s bias settings are optimized for
noise performance around 1.4 GHz by selecting appropriate
values for four of the resistors, R1, . . ., 4,. Bias stability is main-
tained by selecting appropriate values for the other eight capaci-
tors, C7, . . ., 14,. The balanced amplifier is power matched by

placing this circuitry within the two quadrature couplers, X1,2,
with load terminations Z0 and R6.

The design process began with the ideal components speci-
fied for the load termination circuit. Firstly, the termination
on the input coupler, Z0, was replaced by a short circuit to
compare with the theory of Section II. The simulated results
of the balanced amplifier with 50 and 0 V termination loads
on the input coupler are compared with that of the single-
ended amplifier device in Figs. 4 and 5. As expected, Fig. 4
shows that the noise resistance of the balanced amplifier is
greater than the noise resistance of the component amplifiers,
on average from 3.0 to 7.6 V. In replacing the load termin-
ation on the input coupler of 50 V with a short circuit, this
is greatly reduced, on average to 1.9 V. Coupled to this is a
slight reduction in the noise temperature, on average from
27 to 25 K (NF of 0.39–0.36 dB).

However, as expected, there is considerable deterioration
in the input match, on average from S11 , 26 dB to S11

,2 4 dB, as depicted in Fig. 5, due to the short-circuit ter-
mination. Another disadvantage is that the balanced amplifier
is no longer unconditionally stable. As a result, the short-
circuit option cannot be properly characterized on the
measurement equipment, so no measurement results for the
short-circuit option are presented here. As a solution, a com-
promise must be found with a load resistor value between 50
and 0 V that leads to acceptable input matching and sensitivity
to source impedance variations, as well as proper stability.

As the load termination is no longer equal to the character-
istic impedance, it no longer fully absorbs the poor input
match of a component amplifier optimally matched to
noise. Therefore, the lumped elements are now required to
perform both noise and power matching, as depicted in

Table 2. Component amplifier noise parameters and input reflection.

Parameter Frequency

1.0 GHz 1.4 GHz 1.8 GHz

Tmin 12.4 K
(NF of 0.18 dB)

13.7 K
(NF of 0.20 dB)

15.2 K
(NF of 0.22 dB)

Rn 3.9 V 3.0 V 2.3 V

|Gopt| 0.77 0.69 0.62
/Gopt 26.58 38.08 50.78
|r| 0.93 0.91 0.89

Fig. 3. Circuit Diagram of Application Board, with the termination on the
input coupler replaced by a variable impedance to improve the sensitivity to
a varying source impedance.

Table 1. LNA specifications.

Parameter Specification

Frequency range 1–1.8 GHz
Input match (S11) ,2 10 dB
Output match (S22) ,2 10 dB
Isolation (S12) ,2 20 dB
Gain (S21) .2 18 dB
Stability (m) .1
Noise temperature (Te ) ,35 K (NF of 0.49 dB)

Fig. 4. Simulated noise resistance results, where the noise resistance of the
balanced amplifier is greatly reduced by terminating the input coupler with a
short.
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Fig. 6, with arrows used to indicate the lumped elements that
were optimized. At the same time, the value of the load ter-
mination is kept as low as possible to improve the sensitivity
to a varying source impedance. The result is a 6.8 V load ter-
mination on the input coupler.

The parameters of the original design with 50 V load, as
well as with 6.8 V load, are measured on the Agilent
N5242A PNA-X Network Analyser in a Faraday cage to
shield from radio frequency interference (RFI). The measured
results of the balanced amplifier with 50 and 6.8 V termin-
ation loads on the input coupler are compared with their
simulations in Figs. 7–10.

The configurations are well input matched, S11 , 210 dB,
as depicted in Fig. 7. As expected, the 50 V configuration
achieves a better match due to the absorption of the reflected
signals at the load terminations. The simulations predict the

measurements with reasonable accuracy, with differences
due to the simplified circuit model used in the design process.

The two designs are well output matched, S22 , 218 dB,
have good isolation, S12 , 224 dB, and have decent gain for
one stage amplifiers, S21 . 18 dB. The 50 V design achieves
slightly better output match and gain, but slightly lower iso-
lation. While the simulations do not predict the measure-
ments with absolute accuracy due to the simplified circuit
model used in the design process, the shapes of the simu-
lations and measurements are similar.

Both designs are unconditionally stable, m . 1.2, as
depicted in Fig. 8. This parameter is important in beam steer-
ing, as the varying source impedance could cause the balanced
amplifier to oscillate if it were not unconditionally stable.Once
again, the disparity between results is due to the simplified
circuit model used in the design.

Fig. 9 shows that the noise resistance of the amplifier is
more than halved, on average from 11 to 4.8 V, due to the
reduction of the load termination on the input coupler from
50 to 6.8 V. Coupled to this is a reduction in the noise temp-
erature, on average from 48 to 40 K (NF of 0.67 dB to
0.56 dB), as depicted in Fig. 10. The reasons for the difference
between the simulations and noise measurements is still being
investigated.

As an example, the increase in the noise temperature is cal-
culated from the results for a change in the antenna impe-
dance from 50 to 43.3 + j25 V due to beam steering. The
sensitivity is more than halved in using the 6.8 V load
instead of the 50 V load, on average resulting in a reduction
of the noise temperature increase from 25 to 10 K (NF of
0.36–0.15 dB), as depicted in Fig. 11.

Fig. 5. Simulated input matching results, where the power match of the
balanced amplifier is considerably deteriorated by terminating the input
coupler with a short.

Fig. 6. Circuit diagram of application board, with arrows used to indicate the
lumped elements that are optimized to achieve both noise and power
matching.

Fig. 7. Simulated and measured input matching results, where a reasonable
power match has been achieved by optimizing the lumped elements to
achieve both noise and power matching.

Fig. 8. Simulated and measured stability results, where the unconditional
stability of the balanced amplifier has been restored by optimizing the
lumped elements.

Fig. 9. Simulated and measured noise resistance results, where the noise
resistance of the balanced amplifier is more than halved by terminating the
input coupler with a 6.8 V load.
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V . C O N C L U S I O N

Traditionally, balanced amplifiers have superior power-
matching properties over wide bandwidth compared to single-
ended amplifiers. However, at a cost of an increased noise
temperature due to the losses in the couplers. Recently,
balanced amplifiers with very low-noise properties have
become available [12]. However, if such an amplifier was
used in a beam-steering system, the noise generated in the
load termination of the input coupler would deteriorate the
amplifier noise resistance, thereby increasing the noise temp-
erature due to a varying active reflection coefficient at the
antenna ports as a function of scan angle.

Replacement of the input coupler’s load termination of the
basic balanced amplifier by a short circuit reduces the sensi-
tivity of the noise temperature to source impedance variations,
but deteriorates the input reflection coefficient. However, if
the lumped elements of the matching networks are reopti-
mized for both noise and power properties, a balanced ampli-
fier can be built that compromises some of its nearly ideal
input power match for a reduced sensitivity to a varying
source impedance, thereby making this configuration favor-
able for applications in radio astronomy-phased array
systems.
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Fig. 10. Simulated and measured noise temperature results, where the noise
temperature of the balanced amplifier is slightly reduced by terminating the
input coupler with a 6.8 V load.

Fig. 11. Simulated effect of noise temperature sensitivity, where the sensitivity
to changes in the source impedance is more than halved by terminating the
input coupler with a 6.8 V load.
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