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Abstract— Broadband 0.03–1.1 THz signal generation and
radiation are demonstrated based on an oscillator-free direct
digital-to-impulse architecture with a 1.9-ps full width at
half maximum and 130-GHz 3-dB bandwidth (BW) (200-GHz
10-dB BW) centered at 160 GHz. The radiated pulse achieves
a peak pulse effective isotropic-radiated power of 19.2 dBm
and peak pulse-radiated power of 2.6 mW. An ON/OFF impulse-
shaping technique is introduced and implemented to suppress
undesired ringing and to increase dc-to-radiated efficiency. The
frequency-comb spectrum of the radiated pulse train with
5.2-GHz repetition rate is measured up to 1.1 THz. At a distance
of 4 cm, the measured received SNR at 1 and 1.1 THz is
28 and 22 dB, respectively. A 1.1-THz tone is measured with
a 10-dB spectral width of 2 Hz, demonstrating an extremely
narrow spectral line width (two parts per trillion). Time-domain
picosecond pulses are characterized using a custom femtosecond-
laser-based terahertz time-domain spectroscopy system. Coherent
spatial combining from two widely spaced chips is demonstrated.
It is shown that the starting time of the radiated pulses is locked
to the edge of the input digital trigger with a timing jitter
of 270 fs. The chip is fabricated in a 130-nm SiGe BiCMOS
process technology.

Index Terms— BiCMOS, direct digital-to-impulse (D2I),
integrated circuits, on-chip antenna, ON/OFF impulse-shaping
technique, picosecond, pulse, SiGe, silicon, terahertz (THz).

I. INTRODUCTION

IN RECENT years, there has been a growing interest

in the generation and radiation of ultra-short pulses in

the millimeter-wave and terahertz (THz) regimes. Picosec-

ond pulse radiation can be used in broadband spectroscopy,

3-D imaging, and high-speed wireless communication [1]–[4].

In contrast with a bandwidth (BW)-limited continuous-

wave radiating source, a picosecond impulse radiator pro-

vides broadband spectral information across millimeter-wave

and THz frequencies, which can be used to produce hyper-

spectral images. In addition, ultra-short impulse-radiating

arrays with pulse widths of a few picoseconds, and amplitude

modulation capability, can be time-interleaved to build Tbit/sec

wireless links [5], [6].
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Traditionally, two different techniques have been used to

produce ultra-short pulses in the THz regime. The first tech-

nique is based on the excitation of a III–V photoconductive

antenna (PCA) with a femtosecond laser pulse [7]–[10], while

the second one relies on an oscillator followed by a fast

switch to turn on/off the oscillating signal and produce a

pulse [3], [4], [11]. In this section, we will review various

methods and explain their limitations and advantages.

A. Picosecond Pulse Radiation Based on a PCA

Excited by a Femtosecond Laser

In the PCA-based systems, an optical pulse pump from a

femtosecond laser abruptly increases the carrier concentration

at the center of a PCA. In the emission mode, a dc bias

is applied to the PCA, and when the optical pulse arrives,

the photoconductive switch shorts the PCA and generates a

fast current with a picosecond rise time. This current drives

the antenna and produces THz waves. A similar principle is

used to detect THz pulses. In this case, no dc bias is applied

to the PCA; instead, a femtosecond laser shorts the junction of

the PCA antenna and generates a dc current proportional to the

THz field incident on the antenna. To capture the entire wave-

form, a sub-sampling scheme is deployed, wherein delaying

the laser pulse and shifting the sampling window repeat the

measurement. This pulse generation and detection technique

is widely used in THz time-domain spectroscopy (THz-TDS).

THz-TDS has numerous applications in imaging and spec-

troscopy. In medical imaging, it has been used for skin cancer

detection through measuring the dielectric constant in THz

frequencies using it to differentiate between the normal and

cancerous cells [12], [13]. THz-TDS has also been used for

pharmaceutical applications [14], [15], non-destructive evalua-

tion of materials [16]–[18], explosive detection [19], [20], and

security imaging [21].

Although THz-TDS is a powerful technique, it has several

limitations. First, it requires a femtosecond laser, which is

not only bulky and expensive but also has a low repetition

rate (<100 MHz) that limits the average-radiated power.

Second, to produce an image, the object must be mechanically

scanned, which significantly reduces the acquisition time.

Finally, to capture the entire waveform, a sub-sampling scheme

is employed, wherein a mechanical delay line is used to shift

the laser pulse; this greatly decreases the measurement speed.

These limitations render THz-TDS systems rather inaccessible.
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Fig. 1. Block diagram of the D2I architecture.

B. Oscillator and Switch-Based Pulse Radiation

Conventional architectures of pulse radiators in silicon are

based on an on-chip oscillator followed by a fast switch [4].

There are several limitations associated with these methods:

first, they suffer from random phase variation of the free-

running carrier signal and therefore require a power- and area-

consuming phase-locked loop (PLL) [11]. Second, the BW of

the generated pulse is limited due to the transient response of

the switch. Third, the low isolation of the switch at THz fre-

quencies dramatically degrades the performance and dynamic

range of the systems in radar applications. Fourth, since a

pulse-radiating system is intended to generate short pulses,

the oscillator and the PLL are required to run continuously

and cannot be turned off fast. This limitation results in a high-

power consumption. Finally, area-consuming PLLs and delay-

locked loops limit the scalability of these transmitters. In this

paper, a novel oscillator-free solution is proposed and success-

fully implemented in silicon, overcoming the aforementioned

limitations.

II. DIRECT DIGITAL-TO-IMPULSE RADIATION:

OSCILLATOR-FREE SIGNAL GENERATION

Direct digital-to-impulse (D2I) signal generation is inspired

by the spark gap transmitter, which was invented in the

beginning of the twentieth century. This transmitter radi-

ated pulsed electromagnetic waves by generating a fast

flow of current through a spark gap and coupling it to an

antenna [22].

Unlike current signal generation methods in the millimeter-

wave and THz regimes, D2I signal generation does not

rely on an oscillator. Instead, an ultra-sharp, high-amplitude

rising or falling edge of electrical current is generated by

a fast current-switch and delivered to a broadband, phase-

linear impulse antenna. The antenna is designed to act as an

inductor in low frequencies (short circuit in dc), generating a

large voltage impulse when the current is switched ON/OFF.

An input digital trigger is fed to the chip to synchronize

the generated impulse and control the starting time of the

radiation [23]–[25].

The impulse radiation mechanism can be explained accord-

ing to two modes of operation. In one mode, a dc current is

initially stored in the impulse antenna. By opening the switch,

this current is interrupted, converting the stored magnetic

energy to a radiated impulse in the THz regime. Similarly,

the second mode of operation starts with zero initial current

and an impulse signal is radiated, when the current is turned

on. Therefore, a positive or negative impulse can be generated

by a fast rising or falling change in the current of the antenna,

respectively. Both these modes of operation can be used to

generate impulses. However, due to a spurious narrowband

resonance produced by the combined network of the antenna,

parasitic capacitors, and bond wires, a ringing follows the

radiated impulse. This narrowband resonance occurs at a much

lower frequency and has a smaller BW than the actual impulse.

An ON/OFF impulse-shaping technique is designed and imple-

mented to suppress this low-frequency ringing. In addition,

two capacitor arrays are used to de-Q and suppress this

oscillation and to maximize the amplitude of the radiated

impulse by canceling the effects of parasitic inductors and

bond wires. In Section III, we will discuss these methods in

detail.

Fig. 1 shows a system-level block diagram of D2I. As shown

later in this section, an on-chip impulse antenna is designed

and its near- and far-field circuit models are derived. These

models are used in the design process in both the frequency-

and time-domain simulations. In Section III, the design of the

circuit is described in detail.

A. On-Chip Impulse Antenna

In order to achieve a large BW, high efficiency, and low-

cost solution, a D2I radiator is required to employ an on-chip

antenna. An integrated antenna provides a large BW by elimi-

nating lossy and narrowband connections (such as bond wire)

between the chip and an off-chip antenna. It also reduces the

cost of assembly by eliminating the need for precise alignment

of the off-chip antenna. In this paper, an on-chip slot bow-

tie antenna is designed and successfully tested. In addition to

the antenna impedance, its near- and far-field responses are

carefully simulated.

One of the key challenges in designing an efficient broad-

band on-chip antenna is the undesired effects of substrate

modes, which make the antenna narrowband, reduce its effi-

ciency, and cause ringing. They also introduce substantial non-

linearity in the phase response of the antenna. To avoid these
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Fig. 2. Antenna setup, simulated near-field E-field, and S11 of the antenna.

undesired effects caused by a planar substrate, a hemispherical

high-resistivity silicon lens is attached under the chip to mimic

a semi-infinite silicon substrate for the antenna. The silicon

lens increases the radiation efficiency and maximizes the BW

by eliminating the substrate modes [26], [27].

The antenna used in the D2I design must have a broadband

impulse response with a linear phase to radiate an ultra-short

pulse. In addition, the D2I topology requires an antenna that

behaves like an inductor in low frequencies. To address these

challenges, a slot bow-tie antenna is designed and optimized

by adjusting its dimensions. In addition, the edges of the

antenna are curved to enhance its BW [28], [29]. Fig. 2 shows

the geometry of the antenna, which is fabricated using an

on-chip copper metal layer (M5) with a thickness of 1.5 µm.

The antenna radiates to the substrate of the silicon chip,

which is mounted on back of a high-resistivity silicon lens.

The thickness of the silicon substrate is 200 µm, while its

resistivity is 10 � · cm. The silicon lens has a hemispherical

shape with a diameter of 12.5 mm, an extension length

of 300 µm, and resistivity of 10 k� · cm.

Two-shielded microstrip transmission lines are used as a

differential pair to feed the circulating current through the

antenna. The near field of the antenna is simulated to find

a suitable position for the shielded microstrip feed structure.

Electric fields in x- and y-directions at 12 µm above the

antenna plane are shown in Fig. 2. As shown in Fig. 2,

to minimize the impact of the transmission lines on the

radiation pattern, they are placed along the x-direction at the

center of the antenna, where Ex is zero. The width of the

horizontal feeds is minimized to reduce the effect on Ey .

In addition, the circuit components are placed far from the

sharp corners of the antenna, where the E-field is large.

The S11 of the whole structure including the antenna, silicon

substrate, and lens is simulated and plotted in Fig. 2.

Fig. 3 shows the directivity (at θ = 180°) and radiation

efficiency of the slot bow-tie antenna. These parameters are

Fig. 3. Simulated radiation efficiency and directivity at θ = 180° for different
scenarios.

plotted in three scenarios: antenna only (in free space), antenna

with chip substrate, and antenna on-chip substrate with silicon

wafer and lens underneath. The fluctuations in the directivity

and radiation efficiency of the case with silicon lens are caused

by internal reflections inside the silicon lens and the chip

substrate. To avoid these reflections, the outer surface of the

silicon lens can be coated with a quarter-wavelength matching

layer but this will reduce the BW [30]–[34].

B. Broadband Near- and Far-Field Antenna Models

The slot bow-tie antenna can be modeled as a single-input,

double-output system, wherein its input is the current of the

antenna port. The first output is the near field of the antenna,

while the other output is the far-field radiation. The induced

voltage on the antenna is affected by its near field, which has

a different response than the far field. The near-field response

directly affects the switching performance of the active core

circuit and also, in the case of an array, impacts the nearby

radiating elements. Since the ultimate goal is to radiate short

pulses, the design is optimized to minimize the duration of the

radiated signal in the far field.

The near- and far-field impulse responses of the antenna

in the time and frequency domains are simulated and shown

in Fig. 4. In this simulation, the 3-dB BW of the input

excitation (a current impulse fed to the antenna) is 400 GHz.

By comparing the magnitude and group delay variation of the

impulse responses, it is observed that the far-field response

has a much larger BW. In addition, the strong ringing on the

antenna voltage is mostly due to the non-radiative near field.

As will be discussed in detail in Section III, this ringing is

canceled using a novel ON/OFF impulse-shaping technique.

In this paper, the estimated linear time-invariant (LTI)

transfer functions of the antenna in the near and far fields

are synthesized and used in circuit simulations. The key idea

is to synthesize Laplace-domain transfer functions for both



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

4 IEEE JOURNAL OF SOLID-STATE CIRCUITS

Fig. 4. Simulated antenna voltage and far-field E-field in time and frequency domains in response to an impulse current input with a 3-dB BW of 400 GHz.

the lumped and the far-field antenna models. The following

paragraphs describe how the transfer functions are synthesized:

First, an impulse current is fed to the antenna in an EM solver

CST Microwave Studio. This simulation is used to acquire the

impulse responses of the antenna voltage (the near-field effect)

and far-field E-field. The acquired impulse responses are used

with the transfer function toolbox provided by Mathworks

MATLAB (function “tf”) to create LTI systems that fit the

results of the EM simulation. The order of these systems

(number of poles), in addition to causality and stability check

of the created systems are controlled. The near-field model is

estimated as a second-order RLC circuit, while the far field

is modeled as a fourth-order transfer function transformed

into an s-domain (Laplace-domain) current-controlled voltage

source (SCCVS) in a Cadence Spectre simulator (Fig. 5). The

zeros and poles of these two transfer functions are extracted

and shown in Fig. 6. This method provides significant bene-

fits in attaining simulation convergence and reduced runtime

in transient simulations, compared to a simple S-Parameter

block in cadence. A comparison between the synthesized

models (lumped and far-field models of the antenna) and

the EM simulation results in the frequency domain is shown

in Fig. 6.

C. Tunable Frequency-Comb Generation and Radiation

In D2I, the strongly nonlinear current-switching mechanism

results in the generation of numerous harmonics of the trig-

ger signal, ranging from gigahertz to THz. Having a high-

power, broadband frequency-comb source is crucial in many

applications such as hyper-spectral imaging and wideband

spectroscopy. By feeding a periodic trigger signal to a D2I

radiator, an impulse train is radiated in the time domain with

a repetition rate set by the frequency of the input trigger

signal. Assuming x1(t) to be a single-radiated impulse signal,

the time-domain impulse train x(t) can be written as

x(t) = x1(t) ∗

∞
∑

k=−∞

δ (t − kT) =

∞
∑

k=−∞

x1(t − kT) (1)

Fig. 5. Near- and far-field models of the antenna used in transient circuit
simulations. The time-domain radiated E-field is acquired by the convolution
between hE(t) (far-field impulse response of the antenna) and IA(t) (antenna
current).

where T is the period of the impulse train. The Fourier

transform of x(t) is

X ( f ) =
1

T
X1( f )

∞
∑

k=−∞

δ

(

f − k
1

T

)

(2)

in which X1( f ) is the Fourier transform of a single impulse

signal. Thus, the frequency spectrum of an impulse train is a

sampled version of the frequency spectrum of a single impulse

with steps of 1/T . To perform spectroscopy, T can be tuned

to sweep the entire spectrum.

There are some pros and cons associated with

larger or smaller trigger frequencies. Low trigger rates lead

to the radiation of a frequency comb with smaller frequency

steps (Fig. 24), which provides spectral information in a large

number of harmonic frequencies. However, although large

trigger frequencies provide a lower number of tones across

the THz spectrum, they provide stronger tones suitable for

spectroscopy at a certain frequency. For example, using (2),

it is shown that increasing the repetition rate by a factor of

ten results in the generation of frequency tones that are 20 dB

larger in power at the original frequencies. It is worthy of
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Fig. 6. Pole-zero plots of near- and far-field antenna models and comparison of the EM simulation results to the synthesized models.

Fig. 7. Circuit schematic of the current-switch stage.

note to mention that, in both cases, any selected tone can be

fine-tuned by changing the trigger rate.

III. CORE SWITCHING CIRCUIT

A. Current Switch

A high-speed current switch is required to turn the antenna

current ON and OFF with a short rise/fall time of a few picosec-

onds. A cascode bipolar switch is used to rapidly switch

the circulating current of the antenna. A cascode topology

is favored over a single bipolar transistor for the following

reasons: first, a cascode switch minimizes the loading effect

on the previous stage by avoiding the Miller effect, and

second, the output resistance of a cascode is larger than a

single transistor, which increases the amplitude of the radiated

impulse. The larger output resistance of a cascode, with

respect to a single transistor, relaxes the requirement for output

matching at high frequencies. This results in a higher matching

efficiency (Fig. 10). As shown in Fig. 9, the load impedance

of the cascode current switch Z L has a resistance of around

10 � at 160 GHz. However, if only a single transistor was

used, simulation shows the output resistance at 160 GHz would

drop to 6 �. The higher output resistance of cascode relaxes

the requirement for impedance matching and minimizes the

Fig. 8. Broadband ac short circuit that provides fast charge injection at the
time of switching. Simulation is performed while the external impedance by
the pad is swept across complex but passive impedances.

loading effect on the previous stage by avoiding the Miller

effect.

1) Broadband AC Ground at Antenna Supply Node (VA2):

Fig. 7 shows the circuit schematics of the current-switch stage
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Fig. 9. Smith charts of the simulated antenna impedance, the load impedance, and the total output impedance of the current switch, plotted in frequency.
A broadband resonance is observed in the total impedance.

Fig. 10. Simulated power transfer ratio from the current switch to the antenna,
calculated based on the delivered power divided by the maximum available
power in conjugate-matched condition. A ratio of one represents a perfect
conjugate-matched condition.

connected to a slot bow-tie antenna with shielded microstrip

feedlines. To cancel the inductive effects of the bond wire

and the upper feed line (TL2), which reduce the speed of

the current switching; a broadband short circuit is needed at

node VA2. To achieve this broadband response, different values

of MIM capacitors with different SRFs are required. In this

paper, due to the limited chip area, two sets of capacitors

are used. The first set consists of nine 500-fF capacitors (C1)

that are placed at node VA2. Each of these capacitors has an

SRF of 80 GHz and their capacitive role is aimed at lower

frequencies. The impedance above the SRF is still below 18 �

up to 400 GHz. The estimated imaginary part of the impedance

of each of 500-fF capacitors is 52 � at 1.1 THz (the real part

is negligible). To achieve a short circuit at millimeter-wave

and THz frequencies and to provide fast current injection at the

time of switching, a transmission line-capacitor ladder network

is designed that includes 18 × 80-fF capacitors, each having

an SRF of 240 GHz. The estimated imaginary part of the

impedance of each 80-fF capacitor is 54 � at 1.1 THz.

To evaluate the broadband ac short circuit, the impedance

seen by the antenna at node VA2, ZSC, is simulated while the

external impedance of packaging seen from the pad Zext is

swept across a large range of complex but passive impedances.

The real part of Zext is changed from 0 � to 1 k� while the

imaginary part of Zext is swept between −1 and 1 k�, for fre-

quencies up to 1.1 THz. A total number of 33 000 simulations

Fig. 11. Simulated response of the radiated E-field to a voltage-step at the
input of the current-switch stage at the base of transistor Q1 (VB1).

are performed to cover a large number of different external

impedances that could be seen by the pad at different frequen-

cies. To be able to perform a large number of simulations with

a decreased overall simulation runtime, a two-port S-Parameter

box is generated using the bypassing network (Fig. 8) and

imported in a MATLAB program to numerically calculate ZSC

while Zext is changed. For each simulation, Zext is considered

to be complex but passive impedance that is frequency-

independent. The change in the imaginary part of Zext is

specifically important to track undesired resonances that could

result in a large ZSC value seen at node VA2. Consequently,

the absolute value of the resulting short-circuit impedances are

shown in Fig. 8 to provide an illustration of the higher limits

of ZSC at each frequency.

2) Broadband Output Matching of the Current Switch:

A shielded microstrip line (TL1 in Fig. 9) is designed to carry

the circulating current to the antenna at node VA1. Although

the antenna has a single dominant resonance at 103 GHz,

the impedance seen at the input of the feed line (Z L) shows

more resonance frequencies due to the impedance transfor-

mation effect of the transmission line. Fig. 9 shows this
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impedance on a Smith chart and compares it to the antenna

impedance (Z A).

The total load impedance of the current-switch

stage (including its own output resistance and parasitic

capacitance) is also shown in Fig. 9. This plot shows a

narrowband resonance at 30 GHz and a broadband resonance

around 180 GHz. This frequency, which is the center

frequency of the resonance, can be tuned by varying the

length and characteristic impedance of the feed transmission

line. In addition, Z L is varied to provide wideband conjugate

matching. The power transfer ratio, PL /Pmax (in which PL

is the power delivered to the load and Pmax is the maximum

available power in the conjugate-matched condition), is shown

in Fig. 10. As shown in Fig. 10, apart from the 180-GHz

matched resonance, a low-frequency peak is present, which is

an undesired, narrowband effect caused by the first resonance

of the combined network of the parasitic output capacitor

of the cascode switch and the first-order inductance of the

transmission line and antenna. As will be described later in

this section, this low-frequency narrowband effect will be

suppressed using an ON/OFF impulse-shaping technique.

3) Response of the Radiated Field to a Voltage Step at

the Input of the Current Switch: Transient simulations of

the radiated far-field E-field, in response to a positive and

negative voltage-step input to the base of transistor Q1, are

shown in Fig. 11. The responses are plotted for a rise and

fall time of 1 ps at the input. This plot shows that a 30-GHz

ringing after the main pulse. This ringing is stronger in the

near field (antenna voltage). This effect is smaller in the

far field because the antenna’s radiation efficiency is smaller

at 30 GHz (<10%). However, this undesired effect can be

critical in many applications. For instance, in short-distance

pulsed radar transceivers, the signal from the transmitter needs

to be completely turned off to avoid saturating the receiver.

To optimize the radiated impulse, two design goals must

be achieved. First, the peak amplitude and BW (minimizing

pulse width) of the radiated impulse should be maximized.

This is achieved using a broadband resonance and matching

network explained earlier in this section. Second, the 30-GHz

undesired narrowband resonance should be suppressed. In the

following section, we introduce an ON/OFF impulse-shaping

technique to achieve the second goal.

B. ON/ OFF Impulse-Shaping Technique

To cancel the ringing produced by the narrowband reso-

nance at 30 GHz, an ON/OFF impulse-shaping technique is

designed and implemented. First, a positive (rising) current

edge is turned on and fed through the load of the current

switch. As shown in the previous section, this rising cur-

rent edge generates two signals: a broadband impulse and

a 30-GHz undesired ringing (Fig. 11). Subsequently, after a

tunable picosecond-scale time delay (td ), a negative current

edge is fed to the load by simply turning off the current

switch. The latter event suppresses the 30-GHz ringing by

adding two out-of-phase transient oscillations. Meanwhile,

td is tuned to add up the two generated broadband impulses

constructively. Fig. 12 shows the simulation results of the

radiated signal after applying this technique for different

Fig. 12. Simulation results of the radiated signal after applying the ON/OFF

impulse-shaping technique for different values of td .

td values. Fig. 12 shows how different waveforms at node VB1

affect the radiated E-field. In this design, VB1 charges the

base node of a bipolar transistor. When the base is charged,

the effective collector–emitter resistance of the transistor is

reduced, which allows the current to pass the transistor. When

VB1 is reduced, the charge stored at the base node of the

bipolar transistor is removed. At the end of this process, the

collector–emitter resistance of the bipolar transistor increases

rapidly, which stops the current of the transistor. This disrup-

tion in current, results in a rapid change in the current of the

antenna, which triggers a high-frequency radiation.

In order to quantify this ringing-canceling effect and the

limitations imposed by this technique on the BW and phase

linearity of the radiated impulse, the described ON/OFF method

is expressed as an LTI transfer function that converts the signal

generated by a single positive current step to a short pulse

with minimal ringing. The resulting frequency-domain transfer

function (H10), its magnitude, and group delay (τg10) can be

expressed in the following explicit terms:

H10(ω, td ) = 1 − e− jωtd (3)

|H10(ω, td )| = 2

∣

∣

∣

∣

sin
ωtd

2

∣

∣

∣

∣

(4)

τg10(ω, td ) = −
∂

∂ω
( � H (ω, td)) =

td

2
. (5)

It is shown by (4) that the peak of |H10(ω)| can be tuned

at 180 GHz by choosing a td of 2.8 ps. Based on this

time delay, the amplitude of the 30-GHz ringing will be

attenuated by 52%, while the 180-GHz impulse amplitude will

be doubled; therefore, the ringing amplitude will be relatively

attenuated by 76%. In other words, the ratio of impulse peak

amplitude to spurious ringing (180 to 30 GHz, respectively)

will be 4.2 times larger than that of the case without the

ON/OFF technique. The fractional 3-dB BW of |H10(ω)|,

with reference to its peak centered at 180 GHz, is 100%;

meanwhile, the fractional 3-dB BW of the ON/OFF technique,

with reference to its input signal (single impulse in response to

a positive current step), is 158%. In addition, this technique has
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Fig. 13. Circuit schematic of the ON/OFF driver.

Fig. 14. Simulated ON/OFF driving voltage and the generated current from current switch with a td of 2.8 ps.

a phase-linear response with a constant group delay of 1.4 ps.

Therefore, the ON/OFF technique does not disperse the impulse

signal.

1) ON/ OFF Driver: To implement the ON/OFF impulse-

shaping technique at the circuit level, a sharp rising and

falling voltage edge must be generated and fed to the base

of the current switch. To achieve this, an intermediate ON/OFF

driving amplifier is designed that employs inductive peaking

to generate a sharp voltage. The circuit schematic of this

amplifier and the preceding inverters used as buffers is shown

in Fig. 13. Transistor Q3 in the driving amplifier generates an

ON/OFF signal by switching the current of its inductive load.

This process results in a voltage spike at the output of the

driving amplifier. The input of the driving amplifier is provided

by a series of NOT stages, which reduce the rise/fall time of

an external digital trigger. Four inverters reduce the rise and

fall time of the input trigger from 150 to 30 ps. Fig. 14 shows

the ON/OFF driver signal, which features a 3.4-ps rising and

4.5-ps falling edges (0.8–1 V). The simulated current pulse

generated by the current switch is shown in Fig. 14, showing a

peak current of 115 mA and a rise/fall time (10%–90%)

of 1.8 ps/2.4 ps, respectively. The time delay between the

rising and falling edges of the current in this technique td
is tuned to 2.8 ps by setting the bias voltage V1 to 0.52 V.

C. Final Simulation Results and DC-to-Radiated Efficiency

Fig. 15 shows the schematic of the output stage. The final

simulation results of the radiated E-field in the time and

frequency domains are shown in Figs. 16 and 17. A 5-GHz

repetition rate is used for the trigger, with the resulting radiated

signal having a full width at half maximum (FWHM) of 1.9 ps,

a central frequency of 160 GHz, and a 3-dB BW of 130 GHz

(10-dB BW of 200 GHz). The simulation results show a peak

pulse-radiated power of 3.2 mW and a peak pulse effective

isotropic-radiated power (EIRP) of 20.3 dBm. The peak pulse

EIRP is calculated using the following equation:

EIRPpeak =
|Erad|

2
peak

η0
(4π R2) (6)
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Fig. 15. Circuit schematic of the output stage and a detailed illustration of the near- and far-field models used for final simulations.

Fig. 16. Simulated radiated E-field probed at a distance of 1 cm showing a
peak value of 193 V/m and an FWHM of 1.9 ps.

Fig. 17. Simulated frequency spectrum of the radiated E-field.

where R = 1 cm is the distance of the E-field probe from

the antenna, |Erad|peak is the peak of the radiated E-field

in time, and η0 = 377 � is the wave impedance of free

space.

The ON/OFF technique significantly increases the dc-to-

radiated efficiency of the current switch by turning the

switch completely OFF shortly after the impulse is radi-

ated. The output current-switch stage consumes 1.44 pJ in

a 200-ps period (7.2-mW average power), while the energy

of the radiated impulse is 32 fJ. This results in a 2.2%

dc-to-radiated efficiency of the current-switch stage, which

includes the radiation efficiency of the antenna. The dc-to-

radiated efficiency of the entire circuit is 0.33%, which is

calculated based on the energy of the radiated impulse (32 fJ)

divided by the dc energy consumed by the entire circuit in a

single repetition period (9.8 pJ).

IV. CHIP CHARACTERIZATION IN BOTH TIME

AND FREQUENCY DOMAINS

A. Time-Domain Characterization With a Femtosecond-

Laser-Based THz-TDS System

One of the main challenges of sampling a picosecond pulse

in the time domain is ensuring that both the receiver and

its antenna are broadband and have a linear phase response.

Pyramidal horn antennas cannot be used to receive picosec-

ond pulses, due to their limited BW and nonlinear phase

response [35]. In addition, commercially available sampling

oscilloscopes have a 3-dB BW of less than 70 GHz, therefore

cannot be used to sample a pulse with an FWHM of ∼2 ps.

To address this, in this paper a custom time-domain

measurement system is developed to characterize the time-

domain waveform of the radiated pulses using a THz-TDS

system equipped with a PCA [25]. An Advantest TAS7500TS

femtosecond-laser-based THz sampling system is used to

capture the time-domain signal radiated from the chip. On the

receiver side, an Advantest TAS1230 PCA samples the THz

waveform. The operation of the Advantest THz-TDS system is

based on two 50-MHz femtosecond lasers that are locked but

have a 5-Hz difference in their repetition rates. This difference

in the repetition frequency enables the detector PCA to sample

a 20-ns-long THz wave radiated by the emitter PCA in a

200-ms period. Our measurement setup locks our chip to the

emitter laser and the detector is used to sample the THz wave

radiated by the chip.

The repetition frequency of the impulse-radiating chip is

synchronized with the laser using a custom synchronization

chain, as shown in Fig. 18. This setup synchronizes a Keysight

E8257D signal generator with a 50-MHz electrical signal

extracted from the pulsed laser. The 50-MHz electrical sig-

nal is conditioned and its frequency is divided by a factor
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Fig. 18. Time-domain measurement setup developed with a femtosecond-laser-based THz-TDS system.

Fig. 19. Time-domain measurement result of the captured THz waveform.

Fig. 20. FFT of the radiated pulse in measurement and simulation.

of five. The resulting 10-MHz reference signal is fed to the

10-MHz reference input of the signal generator. In this paper,

a repetition rate of 5 GHz is chosen considering the fact that

changing the repetition rate does not change the operation of

the impulse radiator. The upper limits on the trigger rate are

Fig. 21. Measured pulse-width radiation pattern in E-plane.

the switching speed (rise and fall time) of the digital buffers

and the filtering effect of the bond wire.

Fig. 19 shows the measured time-domain waveform of the

radiated impulse, which achieves an FWHM of 1.9 ps and a

minimum-to-maximum time of 2.8 ps. In this measurement,

an averaging number of 512 is used to record the received

THz waveform. The single-sided fast Fourier transform (FFT)

of the time-domain signal is plotted against the simulation

result in Fig. 20. The time-domain E-plane pulse-width radi-

ation pattern of the impulse radiator is measured and shown

in Fig. 21. Based on this characterization, the FWHM of the

radiated impulse changes from 1.9 ps at a 0° elevation angle

to 2.8 ps at an angle of 60°, while it is 2.2 ps at 30°.

B. 0.05–1.1-THz Frequency-Domain Measurements

The performance of the chip is independently character-

ized using a frequency-domain measurement setup, as shown

in Fig. 22. The mixer port of a Keysight N9030A PXA

signal analyzer is used with OML harmonic mixers and horn

antennas WR-15, 10, 08, 05, and 03 to cover 0.05–0.325 THz

and with VDI SAX Mixers and Horn Antennas WR-2.2,

1.5, and 1 to cover 0.33–1.1 THz. For each of the harmonic

mixers, the calibration test data provided by the manufacturer

are used to calibrate the received power. The conversion
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Fig. 22. 0.05–1.1 THz frequency-domain measurement setup.

Fig. 23. Far-field distance measurement at 500 GHz, sample measured tones of the radiated frequency comb, and measured received SNR versus frequency.

Fig. 24. Average EIRP spectrum measurement results plotted against the simulation results.

loss and the gain of the IF amplifier (for VDI mixers) are

de-embedded for each frequency tone. The distance between

the chip and the horn antenna is greater than 4 cm in all

of the frequency-domain measurements to ensure a far-field

operation. A 5.2-GHz trigger signal with 10-dBm power is fed

to the 50-� input of the chip through a bias-T. The generated

frequency tones of the radiated impulse are measured at the

harmonics of 5.2 GHz, from 50 GHz to 1.1 THz.

Fig. 23 shows the measured spectral line width and received

signal-to-noise ratio (SNR) following down conversion.

The SNR is limited by the path loss and noise figure of

the down-conversion mixer. Fig. 22 shows the frequency

tones measured at 1.1, 1.08, 0.9, 0.81, 0.75, and 0.6 THz.

The measured received SNR in these frequencies are 20, 22,

30, 34, 40, and 40 dB, respectively. The SNR numbers reported

are measured at the receiver, which is at a distance of at least
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Fig. 25. Illustration of the method used to acquire the measured E-field at a distance of 1 cm and a peak pulse EIRP of 19.2 dBm.

Fig. 26. Frequency-domain radiation patterns at 160 GHz (center frequency of the pulse) and 1.1 THz (highest frequency measured) in simulation and
measurement.

Fig. 27. Measured received power at 160 and 320 GHz versus V1.

4 cm from the chip; therefore, the SNR at the transmitter

is much higher. In addition, Fig. 23 includes the measured

received SNR versus frequency for a calibrated distance of

100 mm at all mixer bands.

The average EIRP spectrum of the radiator is calcu-

lated based on the frequency domain measurements for the

entire 0.05–1.1 THz range and plotted against the simulation

in Fig. 24. The EIRP numbers are calculated based on the

Friis transmission equation. It should be noted that the num-

bers reported in Fig. 24 are average frequency-domain EIRP

values for a pulse radiator with a 1.9-ps pulse width and a

pulse-to-pulse spacing of 192 ps (5.2-GHz repetition rate).

The fluctuation in the plot in Fig. 24 is due to the use of

several different mixers and antennas, the filtering effect of

the ON/OFF impulse-shaping technique (Section III-B), and

reflections from surrounding objects.

Measurement results are used to calculate two parameters

of the radiated pulses. These parameters are the peak pulse

EIRP and the peak pulse radiated power. First, the peak pulse

EIRP is calculated based on both the time- and frequency-

domain measurement results. Fig. 24 shows the measured

average EIRP spectrum. In another plot (Fig. 25), to calculate

the peak pulse EIRP, an inverse FFT of the average EIRP

spectrum is taken by importing the phase information from the
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Fig. 28. Coherent spatial combining experiment from two widely spaced radiators.

Fig. 29. Measured jitter of the combined signal.

time-domain measurement data in Section IV-A. This results

in a measured time-domain E-field Erad (t). The peak value

of the radiated E-field is measured 159 V/m, at an imaginary

distance of 1 cm, which is used only as a reference distance.

This does not mean the measurements are performed at 1 cm

and it is only a reference used in the calculations. Using

the distance of the virtual E-field probe from the antenna

(R = 1 cm), the peak of the radiated E-field in time

(Erad, peak = 159 V/m), and the wave impedance in free

space (η0 = 377 �) in (6), a peak pulse EIRP of 19.2 dBm

and a peak pulse radiated power of 2.6 mW are measured.

The frequency-domain radiation pattern of the THz impulse

radiator chip is also measured at two frequency components:

the center frequency of 160 GHz and the maximum frequency

of 1.1 THz. Fig. 26 shows the measured and simulated E-plane

and H -plane radiation patterns, as well as the 3-D direc-

tivity patterns at these frequencies. The antenna directivities

at 160 GHz and 1.1 THz are 15.2 and 24.3 dBi, respectively.

The pattern at 1.1 THz is narrower and has more lobes as

expected.

1) Impulse-Shaping Measurements: The impulse-shaping

technique is designed and employed to suppress the 30-GHz

Fig. 30. Micrograph of the chip.

ringing effects. This method also significantly increases the

dc-to-radiated efficiency of the current-switch by keeping the

current switch OFF after turning it on for a few picoseconds.

This method is not inherently designed to be used as a

dynamic waveform alteration technique, however, to certain

capacity, it can be used to change the center frequency of the

pulses around 160 GHz. To characterize the impulse-shaping

technique, the received power at 160 GHz and its second

harmonic, 320 GHz, are measured versus the biasing voltage

of the ON/OFF driving signal at the base of transistor Q1, V1.

These measurement results are shown in Fig. 27. Based on

these plots, an effective td value can be extracted. It is

concluded that at V1 = 0.47 V, a td value of 1.5 ps maximizes

the 320-GHz component. At V1 = 0.53 V, the 160-GHz

power reaches a maximum while the 320-GHz power reaches

a minimum, which happens at td = 3 ps. By increasing

V1 to 0.58 V, the 320-GHz component’s power reaches a

maximum caused by a td of 4.5 ps. By further increasing V1,

both power components drop which is expected based on the

filtering effect of the ON/OFF technique explained by (3)–(5).

Below V1 = 0.4 V, the current switch does not turn on and
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TABLE I

PERFORMANCE SUMMARY OF THE CHIP AND COMPARISON WITH PRIOR WORK

this effect cannot be measured. A resolution of 10 mV is used

to adjust V1 in these measurements.

V. COHERENT SPATIAL COMBINING OF IMPULSES

FROM WIDELY SPACED RADIATORS

Precision synchronization between the digital trigger and

the radiated impulse enables coherent combining of radiated

impulses from widely spaced antennas with increased effective

aperture size. To demonstrate this, the radiated THz pulses

from two separate widely spaced chips are combined in space.

The measurement setup of this experiment is shown in Fig. 28.

Due to the difficulties in the measurement of two radiators

with the THz-TDS system, a custom printed circuit board-

based inverted cone planar antenna is designed and used as the

receiving antenna in this experiment. The receiving antenna

is directly connected to a Keysight remote sampling head

86118A. Fig. 28 shows that the measured combined signal

matches with the algebraic sum of the received signals radiated

from individual chips. The timing jitter of the combined signal

is calculated by a Keysight 86100DCA sampling oscilloscope,

which results in a root mean square (RMS) jitter of 270 fs

for an averaging of 64, with an RMS jitter of 200 fs for

the input trigger source with the same amplitude and number

of averaging (Fig. 29). The measured jitter for averaging

of 256 and 512 is 220 and 130 fs, respectively.

VI. CONCLUSION

In this paper, a fully integrated impulse radiator chip,

based on a novel oscillator-free direct D2I architecture, was

introduced that is capable of radiating THz pulses with FWHM

of 1.9 ps and 3-dB BW of 130 GHz (10-dB BW of 200 GHz)

centered at 160 GHz. The starting time of the radiated

impulses is locked to the edge of the input digital trigger.

The chip fed by a stable trigger signal radiates harmonic tones

up to 1.1 THz (limited by the receiver) with an ultra-high

spectral purity. Broadband 0.03–1.1 THz signal generation and

radiation was demonstrated with a received SNR of 22 dB

at 1.1 THz, 28 dB at 1 THz, and 30 dB at 0.9 THz.

A 10 dB-below-peak spectral width of just 2 Hz at 1.1 THz

was measured, which shows extremely high-frequency sta-

bility. A custom time-domain THz pulse sampling system

was developed based on a femtosecond-laser-based THz-TDS

setup and used to measure the waveform of the radiated pulses.

The chip is fabricated in a 130-nm SiGe BiCMOS process

with an fT of 200 GHz and an fmax of 280 GHz. Table I

compares the performance of the chip with prior work. Finally,

a micrograph of the chip is shown in Fig. 30, which occupies

an area of 550 µm × 850 µm and consumes 105-mW dc

power.
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