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Broadband Fast-Wave Propagation in a

Non-Foster Circuit Loaded Waveguide
Jiang Long, Student Member, IEEE, MinuM. Jacob, Student Member, IEEE, and Daniel F. Sievenpiper, Fellow, IEEE

Abstract—Frequency independent fast-wave (FW) propagation
with phase velocity greater than the speed of light can be ideally re-

alized in a dielectric mediumwhose relative permittivity is positive,

but less than 1. Conventionally, FW propagation is implemented
by non-TEM waveguides or antiresonance-based metamaterials,

which suffers from the narrow bandwidth due to the dispersion. In

contrast, non-Foster circuits provide a brand new method for re-
ducing the dispersion so as to broaden the bandwidth. This paper

demonstrates broadband FW propagation in a microstrip line that

is periodically loaded with non-Foster circuits. Discrete transistor-
based non-Foster circuits functioning as negative capacitors are

successfully designed with the novel modified negative impedance

converter circuits. A 10-pF negative capacitor over a bandwidth
of 10–150MHz has been implemented. The fabricated circuits have

been integrated into a microstrip line to form a FW waveguide.

The retrieved phase velocity of the effective medium from the mea-
sured -parameters characterizes a stable and causal FWmedium

with constant phase velocity of from 60 to 120 MHz, and

this has been further verified by Kramers–Kronig relations and
the near-field measurements along the waveguide. In conclusion, a

stable, causal, and broadband FWwaveguide has been achieved by

means of transistor-based non-Foster circuits. The implemented
broadband FW propagation can potentially be applied in broad-

band leaky-wave antennas and cloaking techniques.

Index Terms—Fast-wave (FW), metamaterials, non-Foster cir-

cuits, periodically loaded transmission line.

I. INTRODUCTION

T HE applications relating to the manipulation of the

electromagnetic (EM) wave propagation for antennas

[1]–[5], cloaking devices [6], [7], and other microwave ap-

plications [8] need fast-wave (FW) propagation, where the

phase velocity is faster than the speed of light in vacuum. As

is well known, faster-than-light phase velocity can be easily

realized by a non-TEM metallic waveguide and it has been

applied to leaky-wave antennas [3], and super coupling and

energy squeezing devices [8]. Also, metamaterials that support

FW propagation, including composite right/left-hand (CRLH)

structures [4], [5] and split-ring resonators (SRRs) [6], [7],

have also been proposed. However, all these approaches for

FW propagation are dispersive, which reduces the bandwidth
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of operation. Thus, it is desirable to find a method of imple-

menting non-dispersive FW propagation such that the phase

velocity can be faster than the speed of light and independent

of frequency.

The dispersion in the conventional FW structures is attributed

to the resonance. A non-TEM wave in a rectangular waveguide

is dispersive due to its transverse resonance. All the other afore-

mentioned realizations of the FW propagation [4]–[7] are also

based on resonance. The reason why resonance is often used for

faster-than-light phase velocity originates from the well-known

equation

(1)

where is the velocity of light in vacuum and and are

the relative permittivity and permeability, respectively. The re-

quirement of FW (i.e., ) dictates that at least one of and

has to be less than 1. This property can be easily achieved

with the negative slope of the reactance or susceptance in EM

structures at their antiresonant frequencies. Nevertheless, the in-

verse relationship between the quality factor ( ) and the band-

width of a resonance results in a tradeoff between the loss and

the maximum achievable bandwidth.

Fortunately, resonance is not the only way to realize an

or less than 1. A non-Foster circuit has an input impedance

with a negative reactance/susceptance slope versus frequency,

and consequently, it is able to compensate for the positive slope

of a natural reactance/susceptance without utilizing any reso-

nances. Thus, non-Foster circuits are good candidates to obtain

broadband FW propagation.

In [9], Hrabar et al. designed a unit cell consisting of a neg-

ative capacitor attached to a short transmission line and simu-

lated an EM cloak. In [10], we have shown the possibility of de-

signing beam-squint-free leaky-wave antennas with non-Foster

circuits. Both papers reported measurements on single unit cell

and the multiple-unit-cell simulations for investigating the ef-

fects of the large-scale EM structures. The only available mea-

surement of a multi-section FW structure was presented over

the bandwidth of 2–40 MHz in [11] and [12], where the neg-

ative capacitors were realized with op-amp circuits. As is well

known, an op-amp circuit is an integrated circuit (IC) whose

available operating frequency is usually below 50 MHz owing

to the fixed gain-bandwidth (GBW) product and its parasitics. In

contrast, benefiting from the higher transition frequencies, tran-

sistor-based circuits can work at higher frequencies. Addition-

ally, the transistor-based circuits aremore desirable than op-amp

circuits in integration, as the former possess less complexity and

chip area-consumption. Therefore, transistor-based non-Foster
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circuits earn more interests in realizing negative capacitors at

higher frequencies, and thus the broadband FW applications.

In this paper, a discrete transistor-based negative capacitor

circuit has been proposed and integrated into a microstrip line.

A three-unit-cell loaded microstrip line has been successfully

fabricated and tested. The retrieved effective material parame-

ters from the measured -parameters identify an effectively uni-

form medium with a constant (less than 10% variation) phase

velocity of over 60–120 MHz, or 2:1 bandwidth. Com-

pared to [11] and [12], the central operating frequency has been

increased from 20 to 90 MHz, and the bandwidth is still signif-

icantly more broadband than the conventional metallic waveg-

uides. Furthermore, the measurement results have been verified

by Kramers–Kronig relations and the measured near-field distri-

bution along the microstrip line, which demonstrate that the ac-

complished waveguide can be regarded as a stable, causal, and

homogeneous material rather than a lumped element. Thus, this

paper shows the possibility of cascading multiple unit cells with

transistor based non-Foster circuits to achieve an effectively ho-

mogeneous material that supports broadband FW propagation.

The accomplished FW waveguide can potentially be applied in

broadband beam-squint-free leaky-wave antennas and thin-film

cloaking techniques [2].

This paper is organized as follows. Section I introduces the

FW propagation and discusses the possibility of broadband

FW propagation with non-Foster circuits. Section II presents

the analytical calculation of the phase delay in a transmission

line periodically loaded with negative capacitors. The design

and measurement of the transistor-based negative capacitor

circuit are detailed in Section III. The implementation and

measurement of the integrated FW waveguide structure are

shown in Section IV, including the fabrication, -parameter

measurement, the retrieved properties of the effective homoge-

neous material, the discussion on causality, and the near-field

measurements. Section V draws a conclusion.

II. FW PROPAGATION IN A PERIODICALLY

LOADED TRANSMISSION LINE

FW propagation in a guided medium can be analyzed by

using the basic transmission-line theory. The proposed FW

waveguide consists of a microstrip line that is periodically

loaded with negative capacitors, as illustrated in Fig. 1. The

effective capacitance per unit length of an unloaded microstrip

line can be easily derived from [13]. Provided that the negative

capacitors have an absolute capacitance value that is smaller

than the capacitance of the bare microstrip line, they reduce

the net capacitance of the loaded microstrip line while keeping

the total capacitance per unit length to be positive. Meanwhile,

the inductance does not change. Consequently, the resultant

phase velocity gets larger. Therefore, it is possible to have

a faster-than-light phase velocity by properly choosing the

negative capacitance.

To characterize the phase velocity accurately, the loaded mi-

crostrip line is modeled as general periodic structure with unit

cells that are composed of a short transmission line and lumped

capacitor. Therefore, it can be analytically studied based on the

periodically loaded transmission-line theory, as detailed in [14]

Fig. 1. Proposed FW propagation structure and its equivalent transmission-line

model.

and [15]. The phase delay of one section of a loaded transmis-

sion line is obtained as

(2)

where is the propagation constant of the unloaded microstrip

line, and are the length of a section of the microstrip line

(i.e., one unit cell) and its characteristic admittance, respec-

tively, and is the admittance of the periodic load. According

to Fig. 1, is a negative capacitor, and thus,

(3)

The transmission line to be fabricated consists of a microstrip

line that is 100-mm long (i.e., the length of three unit cells) and

10-mm wide on a 62-mil-thick FR-4 substrate . The

effective capacitance per unit cell, , is calculated to be

10.0 pF, and the effective dielectric constant is 3.7 [13].

Since is proportional to , the required effective ca-

pacitance per unit cell that leads to unity effective dielectric con-

stant is

pF (4)

For the sake of achieving FW phase velocity while avoiding

backward propagation, the effective dielectric constant has

to be between 0 and 1, which leads to that the total effective

capacitance, , as shown in Fig. 1, must be smaller than

, but remain positive. This is expressed as

(5)

where is the loaded negative capacitance in Fig. 1.

Taking pF and pF, the

loaded negative capacitance, , should be between 10.0

and 7.3 pF. To verify the analytical theory, the phase delays

of a three-unit-cell loaded microstrip line, as shown in Fig. 1,

are calculated based on (2), with equal to 7, 8.5,

and 9.5 pF, respectively. The phase delays for the different

values of are compared to the phase of light passing

through the vacuum of the same distance (black solid curve

with triangle markers) in Fig. 3. It is clear that the phase-delay

curves are above the light curve when the is less than
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Fig. 2. Numerical simulation model of the proposed periodically loaded trans-

mission line.

Fig. 3. Phase delay versus frequency for the cases of different lossless negative

capacitors. Dashed lines are EM simulation results and the solid lines are the

analytical results based on (2). Different colors are the results with different

loading capacitance. The black solid line with triangle marker is the phase delay

of light traveling through the same distance in free space.

7.3 pF implying FW propagation, whereas drops below the

light line when the increases to 7 pF, which follows

what we have defined for the range of required by the

FW propagation.

A simulation for the same structure is obtained from the

finite-element-method-based EM simulator. As shown in

Fig. 2, the arbitrary load impedance was realized with a lumped

boundary in the simulation. Wave ports were placed at both

ends of the microstrip line. The walls on either side of the

microstrip line were terminated with perfect magnetic con-

ductor boundaries, and all the remaining faces were defined as

radiation boundaries. The simulation results are also presented

in Fig. 3 (dashed curves). Both analytical and simulated results

are in good agreement, and present FW propagation when

are within proper range.

Practically, negative capacitors implemented with active cir-

cuits have finite . This effect is investigated by replacing (3)

with

(6)

and substituting it into (2). Fig. 4 shows the resultant phase delay

associated with of 9.9 pF and different values. It is

Fig. 4. Phase delay versus frequency for the cases of loading capacitor with

various . The curves with different colors and markers refer to different .

The black dashed line refers to the propagation with the speed of light in free

space.

Fig. 5. Transistor-based NIC circuit. (a) General topology of the NIC circuit.

(b) Proposed NIC circuit topology.

found that the finite affects the phase velocity. Specifically,

the phase velocity has a negligible difference when is above

50, whereas it gets smaller as loss increases and drops below

when is below 2. As discussed in the following section, the

active circuit that functions as a negative capacitor has a finite

so it limits the bandwidth of the FW propagation.

III. NEGATIVECAPACITORREALIZED BY A TRANSISTOR-BASED

NEGATIVE IMPEDANCE CONVERTER (NIC) CIRCUIT

Negative capacitors are classified as non-Foster circuits with

reactance having negative frequency slope and impedance locus

that goes counter clockwise on a Smith chart [9].

NIC and negative impedance inverter (NII) circuits have been

proposed for implementing non-Foster elements [16]–[20]. The

conventional basic circuit schematic consisting of two cross

coupled transistors is drawn in Fig. 5(a). The input impedance

at any of the four ports can be easily calculated as a function

of the attached loads at the other three ports. For example, the

input impedance at port 1 is expressed as

(7)

If and are resistors and is a capacitor, (7) implies that

the NIC converts a capacitor into a negative capacitor with

a multiplicative factor determined by and . This port at the

base–collector junction is defined as a short circuit stable (SCS)

port. One can find another type of port, i.e., an open circuit stable
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(OCS) port, by taking one of the emitters as the input port. The

corresponding input impedance can be expressed as [16]

(8)

The definitions of OCS and SCS ports are based on the ex-

ternal loading conditions as required for the stability. For an

OCS circuit, the load impedance must be greater than the mag-

nitude of the converted negative impedance, whereas the SCS

circuit requires the load impedance to be smaller than the mag-

nitude of the converted negative impedance.

The first challenge in the design of an NIC/NII circuit is to

decide which port is appropriate. Since the negative capacitor

circuit is intended to just partially compensate for the effective

capacitance of the microstrip line for this particular FW applica-

tion, the magnitude of the negative capacitance must be smaller

than the effective capacitance. This means the load impedance

(i.e., the impedance corresponding to the effective capacitance

of the microstrip line) must be smaller than the generated neg-

ative impedance (i.e., the input impedance of the designed NIC

circuit). Therefore, the SCS port is chosen for the circuit design.

Another issue in the design is about the components varia-

tion and the parasitics in the circuit, which includes the para-

sitics of the transistors, discrete components, and printed circuit

boards (PCBs). These variations and parasitics make it harder

to explicitly express the input impedance as a simple equivalent

capacitance. As a result, the input impedance is no longer a con-

stant (frequency independent) negative capacitance, but instead

is a bandwidth-limited non-constant negative capacitance, even

with negative resistance. In order to overcome these effects of

the variations and the parasitics, a modified topology has been

proposed. As shown in Fig. 5(b), an additional capacitor is

placed across the two emitters. Different from the conventional

three-load topology [10], [18], the three loads, , , and

in the new circuit are used for stability and dc biasing. Addi-

tionally, the negative capacitance of the proposed configuration

is mainly determined by . This feature significantly allevi-

ates the components variation and the parasitics effects from the

other lumped components, the layout, and the transistors (except

the package lead inductance), making the resultant negative ca-

pacitor much less sensitive to the unexpected components and

fabrication deviation than the conventional NIC circuits.

In addition, using the proper port alone does not guarantee the

stability. Since the NIC has a positive feedback circuit, the loop

gain may become too large due to the unexpected parasitics.

Thus, local oscillations may still exist within the circuit. In the

practical circuit design, , , and were carefully chosen to

avoid local oscillations. Additional resistance was also added to

the feedback loop in order to reduce the loop gain. In the simu-

lation, accurate component models were utilized to include par-

asitics of the components.1 The parasitics of the critical paths

on the PCBs were extracted from the EM simulation. The sta-

bility was examined by using co-simulation techniques with

both time- and frequency-domain stability analysis [21]–[26].

The designed circuit was fabricated on a 5-cm PCB with

an FR-4 substrate, as shown in Fig. 6. An Avago transistor

1[Online]. Available: http://www.modelithics.com/

Fig. 6. Fabricated circuit. The VNA calibration plane and circuit plane are used

for de-embedding the NIC input impedance.

AT-41511 was adopted. In order to maintain the stability, a

positive and large enough swamping capacitor was employed

[17], [18]. A two-step measurement technique was used for

accurately measuring the negative capacitance. The first step is

to measure the swamping element alone. The admittance of this

swamping element, , is obtained by de-embedding the

measured one-port -parameters from the vector network ana-

lyzer (VNA) (Agilent E5071C) calibration plane to the circuit

plane, as indicated in Fig. 6. The second step is to measure the

-parameters of the NIC circuit together with the swamping

capacitor following the same de-embedding approach, and it is

denoted as . The input admittance of the NIC circuit

alone is obtained by subtracting the two as

(9)

In the measurement, the stability was checked by monitoring

any self-oscillations from dc to 10 GHz with a signal analyzer

(EXA, Agilent N9010A). Apparently, the stability is guaran-

teed, which leads to further measurement and study.

The simulation and measurement results with a 10-pF loaded

capacitor biased at 10.5 V are presented in Fig. 7. It can be sum-

marized from Fig. 7 that the active circuit produces an equiva-

lent capacitance, , of 10 pF from 10 to 150 MHz (blue

curves in online version). The achieved varies within the

range of 1 pF over the bandwidth of interest. The circuit has

the maximum factor around 75 MHz and drops below 1 after

150MHz (red curves in online version). Besides, the conclusion

from the measured results (solid curves) is affirmed by the sim-

ulation results (dashed curves). The discrepancies in equivalent

capacitance and factor are due to extra parasitics, which were

not included in the co-simulation.

The tunability of the negative capacitor circuit has also been

investigated. The generated can be tuned in two ways,

which are: 1) by tuning the biasing voltage of the circuit and 2)

by varying the loaded capacitor . Although the capacitor

is changed manually in this measurements, it can be tuned with

a varactor under careful consideration of the loss and parasitics

[10]. The tunability of the circuit is presented in Fig. 8. From
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Fig. 7. Equivalent capacitance of the developed NIC circuit with a loaded ca-

pacitor of 10 pF biased at 10.5 V and its quality factor. The solid lines are mea-

surement results and the dotted lines are the simulation results.

Fig. 8. Tunability of the designed NIC circuit. (a) with same biasing

voltage and different load capacitance. (b) with the same load capacitance

and various biasing voltages.

Fig. 8(a) where the dc bias was fixed and the was tuned, it is

found that the determines the when the dc bias is fixed,

and slightly affects the slope of the , whereas Fig. 8(b)

illustrates that the slope of the is strongly dependent on

the dc bias. In particular, an optimum range of the dc voltages

is required for a wider bandwidth and a smaller variation in the

over frequency. This feature is exploited in our following

design since the change in with frequency is helpful in

compensating for the deviation of the phase velocity due to the

finite problem.

The bandwidth and consistency of the capacitance for dif-

ferent tuned values are limited mainly due to the inductive par-

asitics in the circuit. It is possible to achieve better performance

if more advanced transistors or IC technology is adopted. The

Fig. 9. Fabrication of a three-unit-cell FW waveguide. (a) Top view.

(b) Bottom view.

low of the negative capacitor also stems from the parasitics.

In addition, the low is a result of the compromise needed to

achieve stability, as a finite amount of loss is incorporated into

the circuit to reduce loop gain for stability.

IV. IMPLEMENTATION OF THE FW WAVEGUIDE

A. Fabrication and -Parameter Measurement

The waveguide studied in Section II has been accomplished

with the designed negative capacitor circuits. Fig. 9 illustrates

how the FW waveguide is fabricated, where three circuit copies

of the same negative capacitor design are integrated to a mi-

crostrip line with the width of 10 mm and periodicity of 33 mm

on the FR-4 substrate. Three vias on the microstrip line are used

to connect to the active circuits. The circuit also has a via at the

junction where the swamping capacitor is connected. The cir-

cuit and microstrip line are soldered back-to-back.

A co-simulation for the measurement setup was done with

an EM model of the microstrip line configured with the same

manner as described in Section II, where the lumped boundaries

were replaced with a via structure and a 50- lumped port.

In the measurement, the stability of the setup was investi-

gated first. In addition to the methods described in Section III, a

single-tone RF signal was injected into one port, the EXA was

used to see if any spurious modulated frequencies were detected

at the other port. After the stability was guaranteed, a two-port

-parameter measurement of the fabricated waveguide was per-

formed. The phase delay and the group velocity were cal-

culated from the measured , as

(10)

and

(11)
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Fig. 10. -parameter measurement of the designed three-unit-cell FW propa-

gation structure. Dashed lines are simulated results and solid lines are measure-

ment results. (a) Phase of and the normalized group velocity. (b) Transmis-

sion and reflection coefficient.

where mm is the length of the developed waveguide.

The phase delay and the normalized group velocity to

with the of 9.1 pF at 13-V biasing voltage are extracted and

plotted in Fig. 10.

Fig. 10(a) plots the phases of and the normalized group

velocity. The phases of with power on (square markers)

and off (diamond markers) are compared to the phase delay of

light in vacuum through the same distance (black dashed curve

with cross markers). It can be seen that the phase velocity of the

waveguide is slower than when powered off and faster when

powered on. Fig. 10(b) is the transmission ( , red curves in

online version) and the reflection ( , blue curves in online ver-

sion) of the fabricated waveguide. The reflection is well below

10 dB over the frequency of interest, indicating good match.

The transmission coefficient is almost 0 dB below 100MHz and

even presents gain above 100MHz, which is due to the negative

resistance of the loaded non-Foster circuits. The maximum gain

is about 25 dB near 200 MHz. It should be noted that the circuit

is still stable even with reflection and transmission both greater

than unity. A discrepancy between simulation and measurement

is observed, which is caused by the parasitics from the manual

soldering and fabrication.

The tunability of the three-unit-cell FW structure is studied

in Fig. 11, where three different velocities are obtained by bi-

asing the circuit with different voltages and tuning the load ca-

pacitance. The measured tunability results show that the fabri-

Fig. 11. Tunability of the three-unit-cell FW propagation structure.

Fig. 12. Effective homogeneous material under -parameter measurement.

cated structure can produce the phase velocity varying from

to 2 , which can potentially be applied in controlling the phase

delay of a guided wave device, such as the feeding system of

the phased-array antennas. Additionally, it is seen that the band-

width changes with the tuning, which is because that the band-

width of the changes with frequency, as seen from Fig. 8.

Therefore, the performance of the waveguide relies on the per-

formance of the negative capacitor circuits.

B. Retrieving the Parameters for Effective

Homogeneous Medium

The measured -parameter in Fig. 10 is the transmission and

reflection between the two-port network when the developed

waveguide is considered as a two-port network with 50- termi-

nation, as shown in Fig. 12. If this two-port network is consid-

ered as an effective homogeneousmaterial, which is represented

by its characteristic impedance and phase delay , these pa-

rameters can be retrieved from the measured -parameters as

[27]

(12)

and

(13)

The plus or minus sign in (12) will be determined by the fol-

lowing two rules: 1) the correct sign should make the real part of

positive and 2) the consistency between the resultant imag-

inary part of and the magnitude of should be maintained.

This is because only indicates the ratio of the - to -field

(or voltage to current), but does not determine the passivity of

the material, which, actually, is dictated by the imaginary part
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of . Since the real part of indicates the phase propagation,

whereas the imaginary part is the loss of the effective material,

the phase velocity can be derived as

(14)

where is the real part of the phase delay obtained from (13)

and is the total length of the effective homogeneous material,

which is 100 mm. The group velocity of the effective ma-

terial is associated with the derivative of the to the angular

frequency, as stated in (11).

The results of the retrieved phase delay and the normal-

ized phase velocity are shown in Fig. 13(a), where faster-

than-light phase velocity can be observed over the bandwidth

of 50–150 MHz. Fig. 13(b) presents the retrieved loss of the ho-

mogeneous material from the imaginary part of , which implies

less than 1 dB loss below 100MHz.We can even see gain above

100 MHz due to the negative resistance from the active loads.

The consistency between the magnitude of in Fig. 10(b)

and the loss factor in Fig. 13(b) validates the retrieved results,

which presents an effective low-loss FW material over a band-

width of 50–150 MHz. Furthermore, a stationary phase velocity

about is observed at 90 MHz in Fig. 13(a), indicating per-

fect dispersionless FW propagation. In particular, the effective

bandwidth is 60–120 MHz (i.e., 2:1 bandwidth) by taking 10%

variation around .

It should be noticed that the bandwidth of the achieved FW

propagation is limited within the RF frequency band. This lim-

itation is attributed to the following effects.

� As discussed in Section II, when the of the negative

capacitor drops below 2, the phase velocity dramatically

decreases. Thus, the most important limiting factor is the

finite of the negative capacitor circuit.

� The parasitics of the circuit also lead to additional disper-

sion, causing extra variation in .

These two problems can be solved by adopting application-

specific integrated-circuit (ASIC) technologies, where the par-

asitics are reduced so that it would not affect the functionality

at relatively low frequency. Additionally, according to theory of

the periodic structure, it should be pointed out that the disper-

sion is significant if the period is large compared to the operating

wavelength. However, this is not the main reason for the limited

bandwidth of the realized structure in this paper.

C. Discussion on Relativity, Stability, and Causality

Although it is seen that both phase and group velocity in

Fig. 13(a) are larger than the speed of light, Einstein’s theory

of special relativity is still satisfied. This is because the “su-

perluminal” propagation is obtained over a limited bandwidth,

whereas the beginning and ending parts of any meaningful in-

formation, which are described with the step function, contain

spectrum spreading over the entire frequency range. Therefore,

the velocity of the start and end of the information cannot ex-

ceed . To put it another way, as discussed in [11], [12], and [28],

the speed of the information is determined by the “precursor ve-

locity” or the “front velocity” rather than the group velocity, and

they are never faster than . However, the “precursor velocity”

Fig. 13. Retrieved effective propagation parameters. (a) Normalized phase ve-

locity, normalized group velocity, and phase delay compared to light passing

through the same distance in free space. (b) Transmission loss and character-

istic impedance.

or the “front velocity” argument can not clearly and compre-

hensively answer the question of whether a band-limited “su-

perluminal” propagation exists or not, and thus it is still an open

question calling for further scientific debate.

Regarding the stability and causality, if the system is stable

and causal, the magnitude and the phase of the system response

must follow Kramers–Kronig relations [28], [29] as

(15)

where and are the phase and magnitude of a system

response, respectively. In order to verify the causality and sta-

bility of this system, the magnitude of the measured from dc

to 10 GHz were applied to (15), the calculated phase (dashed red

curve in online version) is compared with the measured phase of

(solid blue curve in online version) in Fig. 14, which clearly

shows the agreement between the calculated and measured re-

sults, indicating that the developed system is causal and stable.

D. Near-Field Distribution Along the Waveguide

In order to further verify that the developed FW waveguide

indeed represents an effective homogeneous medium rather
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Fig. 14. Comparison of the measured phase of (solid blue in on-

line version) to calculated results (dashed red in online version) based on

Kramers–Kronig relations.

Fig. 15. Configuration of the near-field measurement setup. The probe is

scanned along the microstrip line to obtain the phase as a function of position.

than a lumped element, the near-field distribution along the

microstrip line has been measured and analyzed. Fig. 15 il-

lustrates the near-field measurement setup, where one port of

the microstrip line is connected to port-1 of the VNA and the

other port is terminated with a matched load. A field detector

probe mounted on a 1-D positioner sweeps along the microstrip

line ( -direction in Fig. 15) and measures the electric field.

The phase of the coupled power is extracted and presented in

Fig. 16.

The phases of the near field along the waveguide are derived

with four approaches and compared in Fig. 16 including: 1) the

phase of the raw measured near field; 2) the linear fitted phase

from the raw near-field data; 3) simulated phase from EM sim-

ulation; and 4) the calculated phase based on the retrieved pa-

rameters of the material. The phase of the raw measured data

(blue solid curve in online version) is obtained directly from

the measurement, and thus, is noisy. The linear fitted phase (red

dashed curve in online version, with cross markers) is derived

by fitting the raw data with the first-order linear function in

order to extract the slope of the phase variation along the wave-

guide. The simulated phase (green dashed curve in online ver-

sion, with triangle markers) is from the same EM model de-

scribed in Section III. The calculated phase (green dashed curve

in online version, with square markers) is extrapolated by

(16)

Fig. 16. Field measurement results at: (a) 90 and (b) 150MHz. Blue solid curve

(in online version) is the measured phase of the coupled field along the mi-

crostrip line, and the red dashed curve (in online version) with cross markers

is the linear fitting result to the measured field. They are compared to the green

dashed curve (in online version) with square markers, which is the result derived

from retrieved phase velocity. The EM simulation result (green dashed curve in

online version, marked with triangle) is used to verify the measured field.

where is the retrieved phase velocity from (14) at a particular

frequency and is the distance from the port connected to the

VNA to the position of the probe.

Fig. 16(a) and (b) is the comparison at two frequencies, i.e.,

90 and 150 MHz, respectively. It is seen that the results at

90 MHz in Fig. 16(a) shows great consistency among the four

phases to be compared, supporting the validity of each other.

Moreover, compared to the theoretical phase variation of the

light in vacuum (black dashed curve), the four phase results all

present less slope than the light, which implies FW propaga-

tion. By contrast, near-field results deviate from the calculated

results at 150 MHz in Fig. 16(b), but still keep coherence

with the EM simulation. This is because of the change in the

frequency-dependent characteristic impedance, which can be

seen in Fig. 13(b) that the characteristic impedance is around

50 near 90 MHz and deviates at other frequencies. To put it

another way, the result in Fig. 16(a) is with a good matching

condition, which indicates that the field in the transmission

line is mainly from a propagating wave. Whereas the result in

Fig. 16(b) is under the condition of large impedance mismatch,

the field distribution is thus the result of the superposition of

multi-reflected waves or a standing wave.
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To conclude this part, the field measurement is valid only

when the characteristic impedance is matched to the load. The

results within the 50- frequency range show good agree-

ment with the retrieved results in Section IV-B. Although the

three-unit-cell structure is relatively short compared to the

wavelength, the continuously changing of the phase along the

waveguide without any abrupt jumps implies that the wave-

guide can be considered as a homogeneous medium rather than

a lumped element, and this has been demonstrated by different

methods including analytical calculation, EM simulation, and

measurements. The design of a longer FW waveguide with

more unit cells is ongoing, which can open many possibilities

in the broadband beam-squint-free leaky-wave antenna and

active thin-film metasurface for cloaking [2].

V. CONCLUSION

This paper has reported on the implementation of an FW

propagation medium over a bandwidth of 50–150 MHz. The

FW structure has been accomplished by a transmission line

periodically loaded with transistor-based non-Foster circuits.

A novel transistor-based non-Foster circuit has been proposed

for better engineering the negative capacitor. The designed

circuit exhibits 10-pF negative capacitance over a bandwidth

from 10 to 150 MHz. Three such non-Foster circuits have

been attached to a transmission line and the -parameters of

the fabricated waveguide have been measured. The retrieved

material parameters from the measured -parameter of the

developed waveguide characterize an effective homogeneous

material with constant phase velocities about over a

bandwidth of 60–120 MHz, which has been further verified

by Kramers–Kronig relations and the near-field measurement.

This design has shown the possibility of cascading multiple

unit cells and making a causal, a stable, and an effective

homogeneous FW material with transistor-based non-Foster

circuits. The proposed structure can be applied to a broadband

beam-squint-free leaky-wave antennas and cloaking.
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