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Gain and Noise Analysis of Non-Foster
Matched Antennas

Minu M. Jacob, Student Member, IEEE, and Daniel F. Sievenpiper, Fellow, IEEE

Abstract— Non-Foster matching networks can overcome the
gain-bandwidth limitations of passive small antennas, but at
the cost of increased noise generated by the active matching
circuit. Gain and noise measurements of a non-Foster matched
small loop antenna were compared with those of the passive
loop antenna to quantify the improvement in received signal-to-
noise ratio (SNR) with non-Foster matching. The average gain
improvement of 7 dB from 30–135 MHz was accompanied by
an average added noise of 8.9 dB, indicating that the non-
Foster matched antenna did not provide any improvement in
the received SNR compared with the passive antenna. These
results led to a study of the various noise sources in a non-Foster
receiving system. Noise models were developed for the balanced
and unbalanced Linvill negative impedance convertor circuits and
verified with simulations. Simulations were then done to analyze
the noise figure (NF) of a non-Foster receiving system for various
small antennas, different biasing conditions, and receiver noise
levels. These were then compared with NF simulations of small
antennas attached to an amplifier and a noisy receiver. The results
indicate that for receivers with low-noise floor levels, a receiving
system consisting of a passive small antenna and an amplifier
can provide better SNRs compared with a receiving system with
a non-Foster matched small antenna.

Index Terms— Active antenna matching, antenna noise,
negative impedance convertor (NIC), non-Foster circuit (NFC),
signal-to-noise ratio (SNR), small antennas.

I. INTRODUCTION

THE demand for miniaturized, broadband communica-
tion systems has created a need for electrically small,

broadband antennas. However, all passive electrically small
antennas have a fundamental gain-bandwidth limitation, as
first described by Wheeler [1] and Chu [2]. In recent years,
active non-Foster circuits (NFCs) have been used to improve
the matching bandwidth of electrically small antennas [3]–[5].
However, for an NFC matched antenna in the receiving mode,
the noise added by the active NFC can degrade the received
signal-to-noise ratio (SNR) beyond an acceptable limit and
counteract the benefits of bandwidth improvement. While
there have been a few publications on the improved matching
bandwidth of NFC matched antennas, only a few publica-
tions have examined the NFC’s noise performance [3], [6],
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Fig. 1. Received SNR of a non-Foster matched antenna compared with that
of a passive antenna attached to an amplifier.

but these publications present conflicting conclusions on the
SNR advantage provided by non-Foster matched antennas.
Furthermore, their results have not been validated with cor-
responding measurements and simulations that can provide
an understanding of the effects of environmental noise, the
receiver’s noise floor, and circuit noise contributions.

With that objective, we designed a non-Foster matching
network for a small antenna that provided a matching band-
width from 30 to 135 MHz, performed noise simulations,
and verified those simulation results with measurement results.
We found that the non-Foster matched antenna did not provide
a measured SNR improvement over the passive antenna, in
contrast to the findings in [3]. We, therefore, undertook a
detailed analysis of the various noise contributions in a non-
Foster receiving system, namely, from the environment, the
receiver’s noise floor, and the NFC. Generalized noise models
were derived for the balanced and unbalanced Linvill negative
impedance convertor (NIC) circuits [7] to understand the
effects of bias currents, transistors, and attached RLC com-
ponents. The alternative to non-Foster matching is to connect
the antenna directly to an amplifier, as shown in Fig. 1.
To provide a fair comparison, we analyze these two cases
using the same transistor technology and bias conditions for
the NFC and the amplifier. This paper will present the results
of noise figure (NF) comparisons for both systems, for various
biasing currents, small antenna types, and most importantly,
for different internal noise floor levels of the receiver, to
address the question of if or under what conditions non-Foster
matching can provide an advantage in small antenna receive
applications.

0018-926X © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 2. (a) Loop antenna with active matching network circuit. (b) Active
matching network model with the inductive transformer and NFC.

Fig. 3. NFC schematic.

II. GAIN AND NOISE MEASUREMENTS FOR A

NON-FOSTER MATCHED LOOP ANTENNA

A loop antenna of diameter 16 cm and height 20 cm
with a resonant slot of width 3 mm was designed, as shown
in Fig. 2(a). For this antenna, we designed a non-Foster
matching network consisting of a −97 nH||−5.4 pF NFC, and
an inductive resistance transformer, as shown in Fig. 2(b). The
NFC cancels the reactance of the antenna, and the inductive
transformer transforms the antenna’s resistance to 50 �. The
circuit schematic has been detailed in Fig. 3.

A. Measured Broadband Match With
a Non-Foster Matching Circuit

A cosimulation technique was used wherein an electro-
magnetic simulation software, such as Ansys HFSS [8], was
used to extract the layout parasitics and a circuit simulation
software, such as Keysight ADS [9], was used to attach actual
device models to the layout. The transistors used were Avago
AT41511 Bipolar Junction Transistor (BJTs). The circuit was
optimized to have low loss in the matching bandwidth, while
providing the necessary reactance to cancel the reactance of
the antenna. The NFC was designed to be stable with the
inductive resistance transformer and the antenna; therefore,

Fig. 4. |S11| of the passive antenna and the NFC matched antenna.

an accurate deembedded NFC measurement could not be
obtained. The −L||−C circuit was implemented as a short-
circuit stable (SCS), single-ended configuration [7]. Since the
loop antenna has a balanced mode of operation, a balun was
used to convert the antenna’s balanced feed to the NFC’s
single-ended feed. The input matching characteristics of the
balun-fed antenna is shown in Fig. 4. The entire matching
network consisting of the NFC and inductive transformer was
fabricated on an FR-4 printed circuit board and attached to the
antenna. When the NFC bias was turned OFF, the inductive
resistance transformer acted as a passive matching network
and provided a measured −6 dB match from 157 to 177 MHz,
as shown in Fig. 4. When the NFC bias was turned ON, we
achieved an improved measured −6 dB matching bandwidth
from 30 to 135 MHz. In Fig. 4, it is seen that |S11| is
greater than 1 for some low frequencies. However, the NFC
was found to be stable at all frequencies. The simulated and
measured input matching characteristics are very similar, as
shown in Fig. 4. The measured bandwidth corresponds to a
measured antenna quality factor of 0.91 computed using [10]

Qmeas = 1

fractional bandwidth

(
VSWR − 1√

VSWR

)
. (1)

The Wheeler–Chu minimum antenna quality factor corre-
sponding to an antenna of electrical size ka = 0.28 at the
matched center frequency is found to be 48.75 using [10]

QChu = 1

ka
+ 1

(ka)3 . (2)

Thus, the active matching network provides a matching
bandwidth that is 53.7 times the maximum Wheeler–Chu
bandwidth for an antenna of electrical size ka = 0.28.

The efficiency of a passive impedance matching network
is determined by its resistive loss. For an active matching
network, the efficiency should not only be determined by the
loss in the circuit, but also by the noise generated by the active
and passive circuit components. A perfectly lossless active
matching circuit can have 100% efficiency, but can still be
detrimental to a receiving antenna if it adds more noise than
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Fig. 5. (a) Measurement setup to determine noise added by the NFC.
(b) Measured and simulated noise power.

the signal gain it provides. Therefore, it is important to study
the noise generated by the NFC and the matching network.

B. Noise Measurements

To perform accurate noise measurements, it is important to
have a receiver that has a low-NF or noise temperature (NT ),
so that small noise power levels will not be masked by the
noise floor of the receiver. A Keysight EXA N9010A spectrum
analyzer was used to measure the noise spectrum of our
NFC matched antenna. Since the spectrum analyzer had an
NF of 23 dB as calculated from its noise floor power level,
we attached a low-noise preamplifier with a gain of 25 dB
and an NF of 3 dB to the spectrum analyzer to obtain a
receiver that had an low NF of 4 dB under matched conditions.
The loop antenna with the non-Foster matching network was
attached to this receiver, and the entire system was placed
in an anechoic chamber, as shown in Fig. 5(a). The noise
spectrum at the receiver (spectrum analyzer with preamplifier)
was recorded when the NFC was turned OFF (0 V) and
on (6.8 V), and the measured results are shown in Fig. 5(b).
A noise simulation was also performed using ADS, where
the cosimulation model of the NFC was attached to the noise
models of the preamplifier and spectrum analyzer. Thermal
noise from the resistive loss in the balun has also been
taken into account [both in measurements and simulations
in Fig. 5(b)] for the active as well as the passive antenna.
We see from Fig. 5(b) that the simulated noise is similar
to the measured noise, validating our noise measurements.
The total noise at the receiver is a measure of the received
environmental noise, the added NFC noise, and the receiver

Fig. 6. (a) Measurement setup to determine gain improvement with the NFC.
(b) Gain improvement compared with the SNR improvement.

noise floor. The added noise from the NFC cannot be isolated
from the total measured noise, and so it is not possible to
calculate the NF of this system. However, we can calculate
the improvement in received SNR with non-Foster matching
relative to the passive match with a measurement of the gain
improvement.

C. Gain Measurements

To assess the signal gain provided by the matching network,
we set up a measurement system in the anechoic chamber,
as shown in Fig. 6(a). The transmitting horn antenna was
connected to port 1 of a vector network analyzer (VNA), and
the NFC matched antenna with the preamplifier was attached
to port 2 of the VNA. The frequency of the transmitted signal
was swept from 5 to 200 MHz, and S21 was measured with
the NFC turned OFF (0 V) and ON (6.8 V). The difference in
S21 between the ON and OFF cases gives the gain improvement
provided by the NFC over the passive match of the inductive
transformer. The subtraction in S21 also eliminates the effects
of path loss and cable loss common to both the ON and OFF

cases. We see that the NFC provides a gain improvement
greater than 0 dB in the low frequencies, where |S11| of
the NFC matched antenna is greater than 1, and also in the
bandwidth where the 6.8 V NFC provides better matching
than the 0 V NFC [Figs. 4 and 6(b)]. The measured gain
improvement is very similar to the simulated gain improve-
ment (also calculated using the difference in S21 between
the ON and OFF case of the NFC), as shown in Fig. 6(b).
We see that in the matching bandwidth from 30 to 135 MHz,
the NFC provides an average 7-dB signal improvement.
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Fig. 7. (a) Wheeler’s model of a capacitive small dipole antenna and an inductive small loop antenna. (b) Broadband non-Foster matching network for a
small dipole antenna. (c) Broadband non-Foster matching network for a small loop antenna.

The improvement in gain is a measure of the difference in
the received signal levels between the ON and OFF cases.
The received noise levels have also been measured for the
ON and OFF cases. The difference in the gain and noise
levels has been used to calculate the improvement in received
SNR between the ON and OFF cases. From the simulated
and measured results in Fig. 6(b), we see that there is no
improvement in the received SNR in the matching bandwidth.
Thus, although the non-Foster matching network provided a
broad matching bandwidth and a high signal gain improvement
over a passive match, the added noise resulted in a lower
received SNR compared with a passive match.

These results are contradictory to the results presented
in [3], wherein measured results showed an SNR advantage
with non-Foster matching. Therefore, we decided to conduct
a thorough investigation of the gain and noise of non-Foster
matched antennas, starting with the basis of ideal non-Foster
matching for small antennas.

III. BROADBAND IDEAL NON-FOSTER MATCH

FOR SMALL ANTENNAS

It is well known that electrically small antennas have a
high quality factor Q with the minimum achievable Q being
physically limited by the electrical size of the antenna ka,
as seen in (2). In order to use non-Foster reactances to
cancel the large reactance of the small antenna and overcome
the quality factor limitation, it is helpful to calculate the
reactance of a small antenna. In 1947, Wheeler [1] modeled an
electrically small dipole antenna as a parallel plate capacitor
and a small loop antenna as an inductive coil, both occupying
a cylindrical volume of height h and a radius r . Assuming that
this cylinder is circumscribed in a sphere of radius a, the height
and radius of the cylinder that maximizes its volume (thus
minimizing the quality factor of the small antenna) can be
mathematically derived to be h = a(2/

√
3) and r = a

√
(2/3).

For a cylinder of such dimensions, the capacitance of the
dipole antenna, the inductance of the loop antenna, and their
respective radiation resistances and reactances can be found
from [1], as shown in Fig. 7(a). Here, Rs,dipole and Rs,loop
are the series radiation resistances of the dipole and the loop
antenna. Rp,dipole and Rp,loop are the radiation resistances in
parallel after transforming the antenna models from a series
configuration to a parallel configuration. Since small antennas
have a high quality factor, the reactances are approximately
the same in both the series and parallel configurations, and so
the capacitance of the dipole antenna and inductance of the
loop antenna are the same in both configurations. sd and sl are
the shape factors for the dipole and loop antennas, details on
which can be found in [1]. Although more accurate expressions
can be found for specific antenna types, the models used here
are useful for identifying trends for small dipole and loop
antennas.

It is apparent that even if the capacitance and inductance
of the dipole and loop antennas were canceled by ideal non-
Foster elements, the frequency-dependent radiation resistances
of the antennas would prevent them from attaining a broadband
match to a constant 50 �. In [11], a solution was presented
in terms of a dynamic dispersive impedance transformer with
complementary Foster and non-Foster inductances that can
transform a radiation resistance with a squared frequency
dependence into a constant resistance, in this case 50 �,
as shown in Fig. 7(b), for a dipole antenna. However, this
solution would not work for a loop antenna whose radia-
tion resistance has a fourth power dependence on frequency.
We, therefore, introduce a new scheme of a dynamic dispersive
impedance transformer for a loop antenna [Fig. 7(c)]. Since
loop antennas are usually matched with SCS non-Foster induc-
tances in shunt for stability, the parallel model of the loop
antenna is considered. We observe that the shunt conductance
of the loop antenna has a squared frequency dependence.
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Fig. 8. (a) Floating NIC attached to a small antenna and a noisy receiver.
Ideal gain shown after a lossless reactance cancellation. (b) Open-circuit stable
balanced NIC for a dipole antenna. (c) SCS balanced NIC for a loop antenna.

Fig. 9. Amplifier attached to a small antenna and a noisy receiver.

This leads to an impedance transformer circuit with comple-
mentary Foster and non-Foster capacitances that can trans-
form the frequency-dependent conductance into a constant
50 �, as shown in Fig. 7(c). It should also be noted
that both the inductive and capacitive non-Foster impedance
transformers can be configured either as a π-network or a
T -network.

While these ideal non-Foster matching schemes sound
promising, in reality, minimizing the number of non-Foster
elements is ideal for stability and simplicity, especially while
analyzing noise contributions from the non-Foster circuits.
Therefore, all further non-Foster matching configurations con-
sidered in this paper will assume a simple balanced Linvill
NIC [7] that completely cancels the reactance of the antenna,
while the radiation resistance remains frequency-dependent.

IV. SYSTEM CONFIGURATION FOR THE NOISE ANALYSIS

OF NON-FOSTER MATCHED AND GAIN-ENHANCED

PASSIVE ANTENNAS

The basic simulation setup of Fig. 1 has been extended and
shown in Fig. 8 for a non-Foster matched antenna system and
in Fig. 9 for a gain-enhanced unmatched antenna system.

In Fig. 8(a), the antenna has been modeled as a reactance
j XANT and a radiation resistance Rr with an antenna NT
TANT [12]. The values of j XANT and Rr have been calculated
using the equations shown in Fig. 7(a). All loop antenna
models presented in this paper assume that the number of turns
N = 2. The antenna NT TANT has been modeled as man-made
environmental noise in quiet rural areas, as reported in [13].
This frequency-dependent antenna NT has been defined in [13]
using the antenna NF Fa as

Fa = 53.6 − 28.6 log( f ) (3)

where f is the frequency in MHz and Fa is in units of dB(kT0)
such that Fa = d B(TANT/T0) [14].

The receiver is represented as a resistance Z0 with an
NT TRX, where TRX is related to the noise factor F of the
receiver as

TRX = (F − 1)T0 (4)

where T0 is the standard NT of 290 K. The importance of
including the receiver’s noise floor in the system’s noise analy-
sis has been pointed out in [15]. Typically, higher frequency
systems are internally noise-limited and lower-frequency sys-
tems are externally noise-limited. But if the lower-frequency
systems have antennas with high mismatch or low efficiency
such that the received noise power falls below the receiver’s
noise floor, these systems too can become internally noise-
limited. It will be shown later that the noise floor of the
receiver can affect the SNR advantage provided by non-Foster
receiving systems, as has been previously mentioned in [5].

The NIC is modeled as a perfectly lossless reactance
− j XANT, along with an equivalent open-circuit noise volt-
age vNIC that is independent of any external loads attached
to the NIC. If the NIC perfectly cancels the reactance of the
antenna, then the gain of the system given by |S21NIC |2 between
the radiation resistance of the antenna and the receiver is as
shown in Fig. 8(a).

Fig. 8(b) and (c) shows the general non-Foster matching
systems for a dipole antenna and a loop antenna, respectively.
A capacitive dipole antenna typically requires an open-circuit
stable (OCS) NIC for stability, whereas an inductive loop
antenna requires an SCS NIC for stability. In both NIC models,
Z load is a reactive impedance (capacitor in the case of the
OCS NIC and inductor in the case of the SCS NIC) that
is negated to cancel the reactance of the antenna. An ideal
balanced Linvill NIC with a finite transistor transconductance
gm has an intrinsic resistive loss (positive resistive loss in the
case of the OCS NIC and negative resistive loss in the case
of the SCS NIC), so a compensating Rload is added to both
models as shown to realize a perfectly lossless balanced NIC.

Fig. 9 shows a gain-enhanced antenna receiving system,
with a simple BJT amplifier providing the required gain. The
bias network for the transistor has not been shown in the
schematic. The BJT model used in the noise analysis is a small
signal model with no noise matching or power matching. The
antenna and receiver models are the same as for the non-Foster
receiving systems, but the NIC of Fig. 8(a) has been replaced
by a transistor along with the output-referred noise voltage
of the transistor vBJT [16]. The gain of this system given by
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Fig. 10. (a) General topology of an NIC circuit and the input impedances seen into each of the four ports. (b) Representation of the voltage and current
noise sources in a general NIC configuration.

|S21BJT |2 between the radiation resistance of the antenna and
the receiver is as shown in Fig. 9, where ZinBJT is the input
impedance seen looking into the transistor and β represents
the current gain of the transistor.

A key difference between the non-Foster receiving system
and the gain-enhanced antenna system is that the non-Foster
receiving system can only have a maximum gain of 1, whereas
the gain-enhanced antenna system can have a gain much
greater than 1 depending on the current gain β of the transistor.
Another important difference between the two systems is that
the NIC is reciprocal while the amplifier is not. In the non-
Foster receiving system, the internal noise of the receiver
gets transmitted through the NIC and radiated out through the
antenna based on the reciprocal gain |S21NIC|2 of the system.
However, in the gain-enhanced passive antenna, the internal
noise of the receiver sees a large impedance at the output
of the amplifier and is retained at the receiver. The ramifi-
cations of these differences become apparent while analyzing
overall system NFs for receivers with a high internal noise
floor.

The overall system noise factor F is defined as the total
noise power at the receiver divided by the transmitted input
noise power. The N F is the noise factor expressed in
decibels (dB)

N F = 10 log

(
1 + NNIC/BJT + NRXNIC/BJT

Nin · GainNIC/BJT

)
(5)

where NNIC/BJT is the noise power from the NIC or the BJT
seen at the receiver. This can be obtained after a voltage
division of vNIC or vBJT at Z0 to obtain vn,Zo, and computing
the noise power as |vn,Zo|2/Z0. The internal receiver noise
power retained at the receiver for the NIC matched antenna or
the gain-enhanced antenna is denoted as NRXNIC/BJT and can
be less than the original noise floor if the system is reciprocal.

The input noise power Nin is given by kTANT. Equations for
each of these parameters will be derived in the subsequent
sections.

The output noise voltage of the BJT amplifier has been
previously derived [16], [17] and so we will focus on the noise
model of the NIC in Section V.

V. NOISE MODEL OF THE NIC

The general topology of the NIC is shown in Fig. 10(a)
along with the simplified unbalanced input impedances seen
looking into each of the four ports. The balanced OCS
input impedance is seen looking into ports Z1 and Z2 and
the balanced SCS input impedance is seen looking into
ports Z3 and Z4.

Fig. 10(b) is the extended topology of Fig. 10(a), showing
the small signal model of the two transistors along with the
noise sources of the transistors [16] and the attached loads.
The same small signal model of the transistor will be used
in the gain-enhanced antenna’s noise analysis, with the base
of the small signal model attached to the antenna, and the
collector attached to the receiver Z0.The intrinsic base–emitter
capacitor and base–collector capacitor of the transistors have
been excluded for simplicity, both in the model and the subse-
quent simulations. All resistors, including the base resistor rb,
the collector resistor rc, the emitter resistor re, and the real part
of the attached loads Z1, Z2, Z3, and Z4, have a thermal noise
voltage vrb , vrc , vre , vz1 , vz2 , vz3 , and vz4 associated with them.
These noise voltages are considered as sinusoidal generators
with root-mean-square (rms) values equal to (4kT R)1/2. The
collector current and base current have corresponding shot
noise currents represented as ic and ib, with rms values
equal to

ic = √
2q Ic (6)
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Fig. 11. (a) Input-referred equivalent noise sources for an unbalanced, OCS NIC. (b) Input-referred equivalent noise sources for an unbalanced, SCS
NIC. (c) Input-referred equivalent noise sources for a balanced, OCS NIC. (d) Input-referred equivalent noise sources for a balanced, SCS NIC. (e) Total
input-referred equivalent noise voltage for the unbalanced and balanced NICs.

and

ib =
√

2q
Ic

β
(7)

where Ic is the collector bias current and β is the current gain
((Ic)/(Ib)). Burst noise and flicker noise in the base current
have been omitted for simplicity.

This general circuit model is used to derive the
equivalent open-circuit noise voltage vNIC for four different

configurations, namely, an unbalanced OCS NIC looking
into Z1 [Fig. 11(a)], an unbalanced SCS NIC looking into
Z4 [Fig. 11(b)], a balanced OCS NIC looking into Z1–Z2
[Fig. 11(c)], and a balanced SCS NIC looking into Z3–Z4
[Fig. 11(d)]. More information on the four different topologies
can be found in [3] and [7]. For each of these configurations,
the input of the NIC is left as an open and the individual
noise sources are referred to the input. Each internal noise
source is considered in turn, and standard sinusoidal circuit
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analysis calculations are used to transform each noise source
to a corresponding equivalent open-circuit noise voltage at
the input. The equivalent noise transformations are shown
in Fig. 11 for all four configurations of the Linvill NIC. For
instance, in Fig. 11(a), Z inOCS,U is the input impedance of the
unbalanced, OCS NIC configuration seen looking into Z1. The
noise voltage vic1,eq is the equivalent open-circuit noise voltage
at the input due to the noise source ic1 from the collector
current of transistor Q1 in Fig. 10(b). It is interesting to
note that vic1,eq is a function of the input impedance Z inOCS,U .
Similar equations have been derived for all internal noise
sources. For ease of representation, the equations shown are
approximations assuming a large zπ1 and zπ2 in Fig. 10(b).
The thermal noise voltage associated with the collector resistor
has a negligible effect, since it is in series with a high
collector impedance. Since all the individual noise sources
are independent, the total noise voltage vNIC at the input is
the square root of the sum of the individual input-referred
mean-square noise voltages, as shown in Fig. 11(e). For
the balanced NIC models, the input-referred noise voltages
are identical for the two transistors, leading to a factor of
2 for the mean-square noise voltages within the equation
for vNICB . Thus, the equations in Fig. 11(e) represent the total
open-circuit equivalent noise voltage vNIC in Fig. 8(a).

An interesting result of this analysis is the discovery that
the total equivalent noise of the NIC is proportional to
the magnitude of the input impedance of the NIC for all
four configurations of the NIC. This becomes apparent after
simplifying the equations in Fig. 11 assuming a very large
transconductance gm , and a near-zero emitter resistance and
base resistance. It will be seen that in such ideal conditions,
the majority of noise comes from the base current’s shot noise.
To illustrate this for the balanced, OCS NIC in Fig. 11(c),
approximations of infinite transconductance and near-zero
emitter resistance and base resistance(which eliminates the
need for loss compensation using Rload) are used to simplify
the equations. This results in the input impedance Z inOCS,B

being equal to −Z load. Using this result, we see that vic,eq goes
to 0. The only nonzero equivalent noise voltage in Fig. 11(c)
is vib,eq = |ib × Z load|. Thus, we see that the total equivalent
noise is proportional to the impedance of the NIC. A similar
analysis can be done for all four models of the NIC in Fig. 11.
Furthermore, with the knowledge of these equations, we can
choose a combination of external loads Z1, Z2, Z3, and Z4
that will yield the minimum noise for a specific required non-
Foster impedance. For instance, if an SCS unbalanced −L was
required looking into port Z4, a configuration with Z2 as an
inductor and Z1 and Z3 as resistors would yield the minimum
noise as opposed to inverting a capacitor at Z3.

Noise simulations were done in Keysight ADS using the
die model of the Avago transistor AT41511, but with the
internal capacitors set to zero. The same transistor model
was used to mathematically calculate the equivalent noise
vNIC using the complete form of the equations in Fig. 11(e)
(including correct values of zπ1 and zπ2). An exact match
was obtained between the simulated and calculated results, as
shown in Fig. 12, for a balanced OCS negative capacitor and

Fig. 12. Simulated and calculated total input-referred equivalent noise for a
balanced OCS negative capacitor and a balanced SCS negative inductor.

a balanced SCS negative inductor. A bias current of 0.5 mA
was set for all the transistors, and required values of Rload
were set to compensate for the intrinsic loss of the NIC. The
values of −C and −L were chosen to cancel the reactance of a
small dipole and a small loop that fit within a sphere of radius
a = 10 cm, as shown in Fig. 7(a). We can further see from the
calculated equivalent noise voltages that the noise voltage of
the −C and −L NIC have the same frequency dependence as
the magnitude of their respective non-Foster impedances. The
unbalanced noise model’s equations were also verified with
simulations and found to be an exact match. After verifying
the noise models, we proceeded to NF simulations of the non-
Foster matched and gain-enhanced passive antennas.

VI. NOISE FIGURE OF NON-FOSTER MATCHED AND

GAIN-ENHANCED SMALL ANTENNAS

NF simulations were done using the simulation setup
in Fig. 8(b) for a non-Foster matched small dipole antenna
and the setup in Fig. 8(c) for a non-Foster matched small loop
antenna. The setup in Fig. 9 was used to simulate the NF
of a gain-enhanced dipole antenna as well as a gain-enhanced
loop antenna. The simulated NF corresponds to the calculation
in (5). The parameters in (5) can be further expanded as shown
in the following:

NNIC =
∣∣∣∣vNIC × Z0

Z0 + Z inNIC + ZANT

∣∣∣∣
2

× 1

Z0
(8)

NBJT =
∣∣∣∣vBJT × Z0

Z0 + ZoutBJT

∣∣∣∣
2

× 1

Z0
(9)

NRXNIC =
∣∣∣∣2

√
kTRX Z0 · Z inNIC +ZANT

Z0 +Z inNIC +ZANT

∣∣∣∣
2

× 1

Z0
(10)

NRXBJT =
∣∣∣∣2

√
kTRX Z0 × ZoutBJT

Z0 + ZoutBJT

∣∣∣∣
2

× 1

Z0
(11)

Nin · GainNIC/BJT = kTANT × |S21NIC/BJT |2. (12)

In (8)–(12), NNIC and NBJT correspond to noise from the
NIC and the BJT, respectively, delivered to the receiver of
impedance Z0. Z inNIC is the input impedance of the NIC given
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Fig. 13. (a) NF comparison between a non-Foster matched and gain-enhanced dipole antenna for different noisy receivers, where all transistors are biased
at 0.5 mA. (b) Noise generated by the −C NIC and the amplifier at the 50-� receiver, and the net gain comparison for both systems, where all transistors
are biased at 0.5 mA. (c) NF comparison between a non-Foster matched and gain-enhanced dipole antenna for different noisy receivers, where all transistors
are biased at 5 mA. (d) Noise generated by the −C NIC and the amplifier at the 50-� receiver, and the net gain comparison for both systems, where all
transistors are biased at 5 mA.

by the equations in Fig. 11 and ZANT is the impedance of the
antenna, given by the equations in Fig. 7(a). ZoutBJT is the
impedance seen looking from the receiver into the output of
the amplifier in Fig. 9. TRX and TANT are NTs of the receiver
and the antenna as defined in the previous sections. These
equations are helpful in analyzing the results that are presented
in Sections VI-A–VI-C.

A. Noise Figure Comparison for a Small Dipole Antenna

First, a small dipole antenna was assumed to fit within a
sphere of radius a = 10 cm, as shown in Fig. 7(a), and the
relevant antenna parameters were calculated. The same dipole
was attached to an NIC and the input of a BJT, as shown in
Figs. 8(b) and 9, respectively. All transistors were biased with
a collector current of Ic = 0.5 mA and the required Rload was
added to the NIC to realize a lossless NIC. In both systems, the
receiver’s NF was swept from 0 dB (ideal noiseless receiver)
to 16 dB and the overall system NF was simulated, as shown
in Fig. 13(a). The added noise from the NIC and the BJT as
seen at the receiver (NNIC/BJT) has been plotted in Fig. 13(b)
along with the net gain of both systems. Fig. 13(a) shows

that the NF of the non-Foster matched small dipole antenna is
largely independent of the swept receiver noise levels, unlike
the gain-enhanced antenna system. This is because the internal
noise of the receiver gets radiated back out through the antenna
in the reciprocal non-Foster system, leading to a receiver noise
level NRXNIC in (5) that is about 20 dB less than the noise
level NRXBJT of the gain-enhanced antenna system, as verified
through (10) and (11). Therefore, the effect of NRX in (5)
can be neglected for the non-Foster matched antenna system.
It is thus seen that for receivers with NFs below 6 dB, the
non-Foster matched antenna has a higher overall system NF
compared with the gain-enhanced antenna system. It is only
when the receiver is noisy with NFs above 6 dB that the non-
Foster matched antenna provides a received SNR advantage
compared with the gain-enhanced passive antenna.

The simulations have been repeated for a transistor bias
current of 5 mA for all transistors, and the results have been
plotted in Fig. 13(c) and (d). For such a large bias current, both
the NIC and the BJT generate higher noise power levels, as
shown in Fig. 13(d). Furthermore, the noise generated by the
BJT overpowers the internal noise of the receiver, leading to
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Fig. 14. (a) NF comparison between a non-Foster matched and gain-enhanced loop antenna for different noisy receivers, where all transistors are biased
at 0.5 mA. (b) Noise generated by the −L NIC and the amplifier at the 50-� receiver, and the net gain comparison for both systems, where all transistors
are biased at 0.5 mA. (c) NF comparison between a non-Foster matched and gain-enhanced loop antenna for different noisy receivers, where all transistors
are biased at 5 mA. (d) Noise generated by the −L NIC and the amplifier at the 50-� receiver, and the net gain comparison for both systems, where all
transistors are biased at 5 mA.

an overall system NF that is fairly independent of the internal
noise of the receiver. For the non-Foster matched antenna, the
internal noise of the receiver gets radiated away as before, and
the overall system NF is again independent of the noise floor
of the receiver. The most important difference between the
two biasing conditions is in the gain of the two systems. The
BJT provides a much larger gain than the non-Foster matched
antenna, leading to overall lower system NFs for all considered
receivers.

Thus, if there are constraints on the dc power consump-
tion, the non-Foster matched antenna could provide an SNR
advantage over the gain-enhanced antenna, but only for noisy
receivers with a fairly high noise floor. If there are no
constraints on the dc power consumption, it is possible to
increase the gain of the amplifier to a level that provides
an SNR advantage over non-Foster matched antennas for all
practical receivers.

B. Noise Figure Comparison for a Small Loop Antenna

The NF simulations were repeated for a small loop antenna
that was assumed to fit within a sphere of radius a = 10 cm.
Similar results were obtained as for the small dipole antenna

in Fig. 14. It is again interesting to note that for a bias condi-
tion of Ic = 0.5 mA for all transistors, the non-Foster matching
system is better than the gain-enhanced passive system only
for receivers of NF 6 dB and above. Under a bias condition
of Ic = 5 mA, the gain-enhanced loop antenna is better
than the non-Foster matched loop antenna for all considered
receivers.

It is also important to note that even if we were to force
the power consumption to be the same in both the non-
Foster system and the gain-enhanced system by supplying
twice the bias current of the NIC’s transistors to the BJT, the
gain-enhanced system would still provide an SNR advantage
over the non-Foster receiving system for practical, low-noise
receivers.

C. Noise Figure Versus Antenna Size

The results obtained for the dipole antenna and loop antenna
raise questions as to the validity of those conclusions for
different small antenna sizes. Therefore, we repeated the
simulations for different small antennas assumed to fit within
spheres of radius 10, 20, 30, 40, and 50 cm, ranging in
electrical size from ka = 0.2095 to ka = 1.0472 at 100 MHz.
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Fig. 15. (a) NF comparison between a non-Foster matched and gain-enhanced dipole antenna at 100 MHz for different antenna sizes. (b) NF comparison
between a non-Foster matched and gain-enhanced loop antenna at 100 MHz for different antenna sizes.

The overall system NF values at 100 MHz for the non-
Foster matched antenna system and the gain-enhanced antenna
system have been plotted against the electrical size of the
antenna in Fig. 15. The simulations have been done for two
receivers, the first being an ideal noiseless receiver with an
NF of 0 dB, and the second being a receiver of NF 8 dB.
It is seen that with a perfect noiseless receiver, the non-Foster
matched antenna has a higher overall system NF compared
with the gain-enhanced antenna, for both the dipole and loop
antennas. With the receiver of NF 8 dB, it can be seen from
Fig. 15(a) that the non-Foster matched dipole antenna has a
slightly lower NF than the gain-enhanced dipole antenna until
the antenna’s electrical size approaches 1, at which point the
non-Foster matched dipole antenna starts losing its advantage.
The corresponding results for the small loop antenna system
have been presented in Fig. 15(b). Since the loop antenna has
a radiation resistance that is proportional to the fourth power
of frequency, its radiation resistance becomes significant for
electrical sizes greater than 0.5. Furthermore, the inductance
of the loop antenna also becomes quite large considering a
two-turn loop, and the required non-Foster inductance and
the corresponding generated noise also become substantial for
ka > 0.5. Therefore, with the receiver of NF 8 dB, the overall
NF of the non-Foster matched small loop antenna is lower than
that of the gain-enhanced loop antenna only for ka < 0.5.

Thus, the conclusion that non-Foster matched antennas do
not provide an SNR advantage over gain-enhanced small
antennas for low-noise receivers with an NF below say, 6 dB,
has been shown to be true for various small antenna sizes.

VII. CONCLUSION

The noise analysis and simulations presented in this paper
provide explanations as to why our gain and noise measure-
ments indicate no SNR advantage over the passive antenna,
whereas measurements in [3] indicate otherwise. The mea-
surements in [3] have been done using a receiver of NF 8 dB,
whereas the measurements presented in this paper have been

done with a receiver of NF 4 dB. Furthermore, it has been
conceded in [3] that non-Foster receiving systems provide
an SNR advantage over passive systems only in the cases
where the system is device-noise limited, or when the receiver
noise dominates. In this case, the noise generated by the
NIC gets masked by the receiver’s noise floor and does
not affect the overall system NF. Furthermore, gain-enhanced
passive antennas also have a much larger gain compared
with non-Foster matched antennas, resulting in more sensi-
tive systems that can detect lower signal levels. Therefore,
non-Foster matched small antennas might not provide an
actual performance advantage over gain-enhanced antennas in
low-noise receiver systems.
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