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SYSTEMAND METHOD FOR SIGNAL 
GENERATION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application claims priority to U.S. Provisional 
Application No. 61/940,823, filed on Feb. 17, 2014, now 
pending, the disclosure of which is incorporated herein by 
reference. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

0002 This invention was made with government support 
under contract no. 5998.0/A001 awarded by the National Sci 
ence Foundation and 65831/A001 awarded by the Office of 
Naval Research. The government has certain rights in the 
invention. 

FIELD OF THE DISCLOSURE 

0003. The disclosure relates to terahertz signal generation. 

BACKGROUND OF THE DISCLOSURE 

0004 Terahertz spectroscopy using silicon technology is 
gaining attraction for future portable and affordable material 
identification equipment. To do this, a broadband THz radia 
tion source is critical. Unfortunately, the bandwidth of the 
prior CMOS works is limited. In a previous design, a 300 GHz 
signal source achieves 4.5% tuning range by changing the 
coupling among multiple oscillators. In another, the distrib 
uted active radiator (“DAR) array has 3% tuning range with 
radiation capability. Alternative to the continuous device 
tuning method, THZ time-domain spectroscopy utilizing the 
broadband spectrum of a pico-second pulse is widely used in 
optics community. 
0005 CMOS circuits working in the millimeter-wave and 
terahertz (THz) frequency range (100 GHz-1 THz) are receiv 
ing increased attention due to promising applications in the 
security, biomedicine, and communication areas. More par 
ticularly, recent works have demonstrated fully-integrated 
image sensors working up to 1 THZ, and wireless data links 
over 200 GHz. For these applications, a signal source should 
advantageously generate high radiation power to overcome 
large propagation loss at this frequency range. Unfortunately, 
it is well known that a “terahertz gap' exists, which keeps the 
generated terahertz power low. This is because the relevant 
frequency range is too high for electronics, and too low for 
optics. In the context of CMOS technology, such difficulty is 
mainly attributed to three factors. First, despite the aggressive 
trend to scale down CMOS, the maximum frequency of oscil 
lation, f, of a CMOS transistor is still below 300 GHz, 
especially when device interconnects are included. This sets 
a theoretical limitation, beyond which no fundamental oscil 
lation nor power amplification is possible. Second, the thinner 
gate oxide in the advanced technology node results in lower 
breakdown voltage. This severely reduces the output power of 
the device, which is strongly correlated to the Voltage Swing. 
Third, the passive metal structures fabricated in CMOS have 
high loss, especially with the presence of the lossy silicon 
substrate. The challenge lies in the thin metal layers and the 
thick, lossy silicon substrate. Because of these drawbacks in 
CMOS, high-power terahertz generation is more commonly 
demonstrated in III-V compound semiconductors. For 
example, using InP high-electron mobility transistors 
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(“HEMTs), a 650-GHz power amplifier module with 3 mW 
output power was reported. In another previous work, 4.2 
mW output power was demonstrated with a 600 GHz. GaAs 
diode frequency tripler when cooled to 120 K (1.8 mW at 
room temperature). 
0006. In addition to the signal power level, another chal 
lenge in CMOS THz sources is the output frequency band 
width. Abroadbandwidth is especially important for material 
identification using THZ spectroscopy. For example, prior 
research shows that many types of hazardous gas (e.g., meth 
ylchloride) and warfare chemical agents (e.g., Sarin) exhibit 
vibrational resonance between 200 GHZ, and 300 GHz. To 
obtain such spectrum, a broadband radiation Source is 
required. 
0007 To overcome the cutoff frequency limitation in 
CMOS, previous techniques utilize device nonlinearity and 
harmonic generation. Signal Sources based on Such principles 
can be further divided into two categories: (i) frequency mul 
tipliers; and (ii) harmonic oscillators. Frequency multipliers 
normally have both high output power and bandwidth. For 
example, in a previous work, a 180 GHz, active doubler 
achieved 0 dBm output power and 11.1%-3-dB bandwidth. In 
other work, such performance metrics were achieved using a 
traveling-wave doubler at 275 GHZ are -6.6 dBm and 7.8%. 
In a 480-GHz passive doubler from another work, the mea 
Sured output power and frequency range were larger than -6.3 
dBm and 4.2% (limited by testing equipment). However, 
these multipliers need a large-power and wide-tuning-range 
fundamental signal source to drive, which is another chal 
lenge. In comparison, the second nonlinear circuit category, 
i.e., the harmonic oscillator, has the advantage of being self 
sustainable. The reported output power is competitive to that 
of the frequency doubler, especially with multi-cell power 
combining. For example, a 482-GHz triple-push oscillator 
achieved -7.9 dBm power. In another example, a coupled 
oscillator achieved -1.2 dBm. Normally, there is significant 
power loss in the process of radiation. Nevertheless, in 
another example, a 16-element 280 GHz distributed active 
radiator achieved a radiated power of -7.2 dBm and an EIRP 
(effective isotropic radiated power) of 9.4 dBm. Utilizing a 
pair of triple-push oscillators and a differential ring antenna, 
a high radiated power of -4.1 dBm at 288 GHZ was reported. 
Despite such progress, large frequency tuning in harmonic 
oscillators remains very challenging. This is mostly due to the 
lossy MOS varactors used in the resonance tank. In a previous 
work, a variable-coupling solution effectively reduced Such 
loss, and achieved a tuning range of 4.5%. Although produc 
ing the highest tuning range reported in prior CMOS THz 
oscillators, it remains insufficient for THZ spectroscopy. 

BRIEF SUMMARY OF THE DISCLOSURE 

0008. The present disclosure provides systems and meth 
ods for terahertz signal generation. A system for signal gen 
eration, comprises four quadrature oscillators, each quadra 
ture oscillator configured to operate at a fundamental 
frequency. Each quadrature oscillator having a 00 phase out 
put, a 90° phase output, a 180° phase output, and a 270° phase 
output. The system further comprises four radiator units, each 
radiator unit comprising an oscillator pair operating at the 
fundamental frequency. A first oscillator of the oscillator pair 
is connected to two of the quadrature oscillators at the 90° 
phase output and 270° phase output, respectively. A second 
oscillator of the oscillator pair is connected to the same two 
quadrature oscillators at the 0° phase output and the 180° 
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phase output, respectively. The oscillator pair is configured to 
generate differential signals at a second harmonic of the fun 
damental frequency. Each radiator unit further comprises two 
antennas, each antenna in electrical communication with a 
corresponding oscillator of the oscillator pair. Each radiator 
unit has a Switch connecting each oscillator of the oscillator 
pair to a respective antenna of the two antennas. The quadra 
ture oscillators and radiator units form a ring of alternating 
quadrature oscillators and radiator units such that the oscil 
lator pairs and quadrature oscillators are coupled. 
0009. A method for generating a broadband signal, com 
prises the step of generating a first phase signal and a second 
phase signal using a linking oscillator. The first and second 
phase signals have a same fundamental frequency and a phase 
of the first phase signal is different than a phase of the second 
phase signal. The first phase signal is provided to a first 
harmonic oscillator to couple the linking oscillator and the 
first harmonic oscillator. The second phase signal is provided 
to a second harmonic oscillator to couple the second har 
monic oscillator and the linking oscillator. Each of the first 
and second harmonic oscillators produce a output signals at a 
harmonic of the fundamental frequency. The phases of the 
first and second phase signals are selected Such that the output 
signals of the first and second harmonic oscillators are differ 
ential signals. The method may further comprise the step of 
pulse-modulating the output signals. 
0010. In an exemplary embodiment, a high-power broad 
band 260 GHz radiation source was implemented using 
65-nm bulk CMOS technology. In an embodiment, the source 
is an array of eight harmonic oscillators with mutual coupling 
through four 130 GHz quadrature oscillators. Based on a 
self-feeding structure, the harmonic oscillator simulta 
neously achieves the optimum conditions for fundamental 
oscillation and 2nd-harmonic generation. In this embodi 
ment, the signals at 260 GHZ radiate through eight on-chip 
slot antennas, and are in-phase combined inside a hemi 
spheric silicon lens attached at the backside of the chip. 
Similar to the laser pulse-driven photoconductive emitter in 
many THZ spectrometers, the radiation of this source can also 
be modulated by narrow pulses generated on chip, which 
achieves broad radiation bandwidth. Without modulation, the 
chip achieves a measured continuous-wave radiated power of 
1.1 mW, and an EIRP of 15.7 dBm. Under modulation, the 
measured bandwidth of the source is 24.7GHZ. This radiator 
array consumes 0.8 W DC power from a 1.2 V supply. 

DESCRIPTION OF THE DRAWINGS 

0011 For a fuller understanding of the nature and objects 
of the disclosure, reference should be made to the following 
detailed description taken in conjunction with the accompa 
nying drawings, in which: 
0012 FIG. 1 is a diagram of a system according to an 
embodiment of the present disclosure; 
0013 FIG. 2 is diagram showing the signals of the system 
of FIG. 1; 
0014 FIG. 3 is a diagram of a two-port network represen 
tation of a MOS transistor; 
0015 FIG. 4A is a graph of the simulated phase of the 
optimum gate-to-drain voltage gain of an NMOS (W/L=27 
um/60 nm) (the negative sign on the lefty-axis represents the 
delay from the gate to the drain); 
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0016 FIG. 4B is a graph of the simulated (solid line) and 
calculated (dashed line) P of the transistor of FIG. 4A at 
130 GHz versus varying gate-to-drain phase shift (the ampli 
tudes of V and V are 1 V); 
0017 FIG. 5A are diagrams showing extra gate-to-drain 
Voltage phase delay caused by gate parasitics and the feed 
forward current through C: 
0018 FIG. 5B is set of graphs of the simulated y of an 
NMOS (W/L–27 u/60 n); 
0019 FIG. 6 is a set of graphs showing three possibilities 
for the parabolic curve of the output power in the voltage 
limited oscillation; 
0020 FIG. 7 shows the simulated stability of a transistor 
(W/L-27 L/60 n) with and without a self-feeding line, where 
the stability factor of the network is k and the circles FG and 
FD are the stability boundaries of the terminations of the 
transistorgate Y, and drain Y, respectively (when the loca 
tions of Y and Y, on the Smith Chart are inside of the 
instability regions, the circuits oscillate); 
0021 FIG. 8A is a diagram showing a self-feeding oscil 
lator structure; 
0022 FIG. 8B is a diagram showing the two-port network 
analysis of the self-feeding structure, which is decomposed 
into three subnetworks N, N and N: 
0023 FIG. 9 is a graph showing the different combina 
tions of Zo and (p of a transmission line at 130 GHZ to 
achieve the gain phase and the output power P. 
0024 FIG. 10 is a diagram of a differential oscillator based 
on the self-feeding structure of an embodiment of the present 
disclosure; 
0025 FIG. 11A is a diagram of the desired out-of-phase 
oscillation mode of the oscillator of FIG. 10; 
0026 FIG. 11B is a diagram of the undesired in-phase 
oscillation mode of the oscillator of FIG. 10; 
0027 FIG. 12A is a diagram of the equivalent circuit of an 
NMOS modeled a power source at 2f in an push-push oscil 
lator; 
(0028 FIG. 12B is a diagram of an NMOS modeled a 
power source at 2f in an oscillator where the gate signal is 
Zero; 
0029 FIG. 13 is a graph showing the simulated G of the 
NMOS inside a push-push oscillator, and the NMOS with its 
gate grounded; 
0030 FIG. 14 is a diagram of and graph showing where the 
Small, lossy impedance of the transistor gate is transformed 
into a much higher one at 260 GHz, through the self-feeding 
transmission line; 
0031 FIG. 15A is a graph showing the simulated 2nd 
harmonic Voltage waveforms at the gate and drain nodes of 
the self-feeding harmonic oscillator, 
0032 FIG. 15B is a graph showing the simulated output 
conductance, G of the self-feeding harmonic oscillator; 
0033 FIG. 16 is a schematic of a quadrature oscillator 
according to an embodiment of the present disclosure; 
0034 FIG. 17 is a chart of the simultaneous conjugate 
matching of an amplifier stage; 
0035 FIG. 18 shows the simulated stage gain of the 
quadrature oscillator in the desired quadrature mode (Model) 
and undesired out-of-phase mode (Mode2); 
0036 FIG. 19 are diagrams showing shunt switches based 
on MOSFET and MOS varactor, with the imaginary parts 
tuned out by an ideal inductor; 
0037 FIG. 20 is a graph of the simulated OFF and ON 
impedance ratios of PMOS, NMOS, and MOS varactor; 
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0038 FIG. 21 is a schematic of a 260-GHz switch with 
pulse modulation according to an embodiment of the present 
disclosure; 
0039 FIG. 22 is a simulated output waveform of a self 
feeding oscillator pair with pulse modulation; 
0040 FIG. 23 is a graph of the calculated reflection rate at 
the silicon-to-air interface; 
0041 FIG.24 is an illustration of the radiated and reflected 
waves from an on-chip antenna; 
0042 FIG. 25 is a diagram of a 260-GHz slot antenna; 
0043 FIG. 26 is a diagram of an 8-element on-chip 
antenna array with a silicon lens attached on the chip back; 
0044 FIG. 27A shows the simulated radiation pattern of a 
slot antenna unit; 
004.5 FIG. 27B shows the simulated radiation pattern of 
an 8-element slot antenna array; 
0046 FIG. 28 is a micrograph of a 260-GHz radiator array 
in CMOS: 
0047 FIG. 29 shows integration of a silicon lens on a 
device according to the disclosure; 
0048 FIG. 30 is a photo of a chip package and testing 
setup with Sub-harmonic mixer, 
0049 FIG. 31 is a block diagram of a testing setup for 
measuring the radiation frequency and spectrum of a 260 
GHZ radiator array: 
0050 FIG. 32 shows the measured baseband spectrum 
from a sub-harmonic mixer, 
0051 FIG.33 is a graph of the measured frequency tuning 
range of the radiated signal; 
0052 FIG. 34 is a chart showing the measured radiation 
pattern of the 260-GHz signal source: 
0053 FIG. 35 is a block diagram of a testing setup for the 
accurate radiation power measurement of a 260-GHZ radiator 
array; 
0054 FIG. 36 is a graph showing the measured radiation 
spectrum of the 260-GHz radiator array with and without 
narrow-pulse modulation; 
0055 FIG. 37 is a table showing a performance compari 
son of sub-millimeter-wave signal sources in CMOS; and 
0056 FIG. 38 depicts a method according to an embodi 
ment of the present disclosure. 

DETAILED DESCRIPTION OF THE 
DISCLOSURE 

0057. In an aspect of the present disclosure, embodiments 
of a high-power, Sub-millimeter-wave radiation Source are 
provided. In some embodiments, a 65-nm bulk CMOS tech 
nology may be used. The architecture of an exemplary trans 
mitter 10 is shown in FIG. 1, where four differential core 
oscillator 20 pairs (radiator units) are mutually coupled 
through four quadrature oscillators 30. In an embodiment, 
each core oscillator pair operates at 130 GHz and generates 
2"-harmonic signals at 260 GHz that are power-combined 
after radiating through eight on-chip antennas 40. Embodi 
ments may include four shunt switches 50, controlled by 
narrow pulses (widths.45 ps), to modulate the radiation. The 
pulses can be generated by local digital circuit blocks 60 with 
programmable repetition rate up to 5 GHz. In this way, the 
broadband spectrum of the pulses is up-converted to the car 
rier frequency of 260 GHz. Without modulation, the chip 10 
achieves a continuous-wave radiated power of 1.1 mW. Under 
modulation, the measured bandwidth of the source is 24.7 
GHZ, making it suitable for many Fourier Transform Infrared 
(“FTIR)-based THz spectrometers. In addition, if the 
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switches 50 are modulated by digital data, this chip 10 can 
also be used as a transmitter for sub-millimeter/THz wireless 
communications. 
0058. The embodiment depicted in FIG. 1 shows that the 
two harmonic oscillators inside each radiator unit are coupled 
with 900 phase shift at f through a quadrature oscillator. This 
way, the signal at 2f from each radiator unit is differential. 
Such coupling scheme facilitates the symmetrical placement 
of the on-chip antennas, and also enhances the Switching 
capability as will be shown below. Through the in-phase 
radiation of the eight antennas, beam combining in free space 
is achieved, which enhances the total power and directivity of 
the radiation. 
0059 From the signal analysis in FIG.1, it can be seen that 
since the harmonic oscillators only need to generate a single 
tone signal, power-bandwidth tradeoff can be avoided. This 
enables the use the presently disclosed self-feeding structure 
which is dedicated to generate high-power second-harmonic 
signal (further described below). In embodiments having 
pulse modulation, the output radiated signal is still centered 
around 2f, but has an available bandwidth that is inversely 
proportional to the width of the controlling pulse (FIG. 2). 
Since pico-second pulse generation in CMOS has been dem 
onstrated. Such architecture has the potential to achieve a 
bandwidth near 100 GHz, which is sufficient to perform THz 
spectroscopy for some chemicals like methylchloride and 
Sa1. 

0060. The ability to modulate the radiation makes the 
presently disclosed device suitable for other applications 
Such as, for example, terahertz, data transmission and tomog 
raphy. It can also pair with the THZ image sensors that do not 
have integrated Dicke Switch, because the Source radiation 
needs to be chopped at MHz frequencies to avoid the flicker 
noise of the sensors. 
0061 The present disclosure may be embodied as a sys 
tem 10 for signal generation. In some embodiments, the sys 
tem 10 includes four quadrature oscillators 30 and four radia 
tor units 12 configured as a ring of alternating quadrature 
oscillators 30 and radiator units 12. Each quadrature oscilla 
tor 30 is configured to operate at a fundamental frequency. 
Each quadrature oscillator 30 has a 00 phase output, a 90° 
phase output, a 180° phase output, and a 270° phase output. 
0062 Each radiator unit 12 includes a pair of oscillators 20 
operating at the fundamental frequency. A first oscillator 20 
of the pairis connected to a neighboring two of the quadrature 
oscillators 30 at the 90° and 270° phase outputs, respectively. 
A second oscillator 20 of the pair is connected to the neigh 
boring two quadrature oscillators 30 at the 180° and 0° phase 
outputs, respectively. The oscillators 20 of pair of oscillators 
are configured to generate differential signals at a second 
harmonic of the fundamental frequency. 
0063 Each radiator unit 12 further comprises two anten 
nas 40. Each antenna 40 is in electrical communication with 
a corresponding oscillator 20 of the oscillator pair. A switch 
50 is disposed between each oscillator 20 and the correspond 
ing antenna 40 such that the oscillator 20 is selectively con 
nected to the antenna 40 by way of the switch 50. Embodi 
ments of the system 10 may comprise a pulse generator 60 
operatively connected to the switch 50 for pulse modulation 
of the oscillator 20 signals. In other embodiments of the 
system, the switch 50 may be operated to modulate the oscil 
lator 20 signals for data transmission or otherwise. 
0064. The present disclosure may be embodied as a 
method 100 for generating a broadband signal. A first phase 
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signal and a second phase signal are generated 103 using a 
linking oscillator. For example, the linking oscillator may be 
a quadrature oscillator as is described above and further 
detailed below. The generated 103 first and second phase 
signals have the same fundamental frequency. The first phase 
signal has a phase which is different than the phase of the 
second phase signal. 
0065. The first phase signal may be provided 106 to a first 
harmonic oscillator to couple the first harmonic oscillator to 
the linking oscillator. The first harmonic oscillator generates 
a first output signal at a harmonic of the fundamental fre 
quency. Similarly, the second phase signal may be provided 
109 to a second harmonic oscillator to couple the second 
harmonic oscillator to the linking oscillator. The second har 
monic oscillator generates a second output signal at a har 
monic of the fundamental frequency, and the frequency of the 
harmonic of the second output signal is the same as the 
frequency of the harmonic of the first output signal (i.e., the 
same harmonic, regardless of phase). 
0066 
the second phase signal are selected Such that the first and 
second output signals are differential signals. For example, 
where the first output signal and the second output signal are 
at the second harmonic of the fundamental, the first phase 
signal and the second phase signal differ by 90°. 
0067. The method may further comprise the step of pulse 
modulating 112 the first and second output signals. 
0068. Further descriptions of exemplary components suit 
able for use in embodiments of the above-described system 
are provided below. In this disclosure, reference is made to a 
system operating at a fundamental frequency of 130 GHz for 
convenience, and should not be read so as to limit the disclo 
SUC. 

Harmonic Oscillator 

A. Fundamental Oscillation: Optimum Gain Condition 
0069. In harmonic oscillators, there is no external load to 
the fundamental (f) signal. In the steady state, all the funda 
mental power generated by the transistor (denoted as P) is 
delivered and dissipated in the peripheral passive network. 
The network is linear, so higher P leads to higher Voltage 
Swing and higher nonlinearity. To maximize P, the analysis 
starts with transistor modeling. The traditional lumped 
model, which contains a transconductance cell and several 
parasitic components, is complicated for calculations of P. 
Therefore, to optimize P, a transistor was previously mod 
eled as a two-port network with Y-parameters (FIG. 3): 

Y = y12 (1) 

0070 Accurate values of (1) can be directly obtained 
through S-parameter simulation of the foundry model or mea 
Surement of the test structures. In the present disclosure, (1) is 
obtained from the conversion of the simulated large-signal 
S-parameters, in order to more accurately capture the transis 
tor behavior in oscillators. Another advantage of Such mod 
eling is that P is readily expressed as a function of the 
root-mean-square Voltages and currents of the gate (V, I) 
and the drain (V, I): 

The phase of the first phase signal and the phase of 
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0071. Having obtained the Y-parameters of the transistor, 
the currents are expressed as: 

0072. Using (2), (3), and the defined gate-to-drain com 
plex Voltage gain 

W. 4 A = , (4) 
V 

provides: 

Port = (5) 

(0073. In (5), g, and b, are the real (i.e., conductance) and 
imaginary (i.e., susceptance) parts of y, respectively. To 
maximize the third term of (5), the optimum gain phase ZA, 
is: 

AAA-(21+y 12*). (6) 

0074 FIG. 4 shows the simulated optimum phase of an 
NMOS transistor (W/L=2 um/60 nm) in a 65 nm CMOS 
process based on (6). When frequency increases, extra phase 
shift (A?p) beyond -180° is required. As FIG. 4 shows, at 
130 GHz the optimum phase of -210° (or 150°) provides a 
simulated output power P twice as much as the 180° does. 
FIG. 5A intuitively explains this. First, a delay exists between 
the input gate voltage V and the output drain current it. Such 
delay is caused by the parasitic R-L-C network of the gate 
(denoted by A?p) and by the feedforward current i, through 
C., (denoted by Ap). On the other hand, to maximize the 
output power of the drain node, the phase of the drain Voltage 
V should align with that of the drain current i, when it is 
delayed with respect to the gate voltage V, the drain voltage 
V should also be intentionally delayed. The relation between 
V and it is represented by the y, of the NMOS. And the 
simulated phase change ofy in FIG. 5B closely matches that 
ofA, in FIG.4A, which validates such intuitive explanation. 
It is also noteworthy that the A?p, in FIG. 4A is slightly 
affected by the large-signal gate/drain Voltage amplitude. In 
the large-signal S-parameter simulation, A?p, changes from 
25° to 30° when the gate/drain voltage amplitude changes 
from 10 mV (small-signal) to 1 V (large-signal). This is 
because in FIG.5A, the transconductanceg is Smaller under 
large-signal excitation, resulting in larger Aqp. Finally, we 
also use the Y-parameters extracted from the large-signal 
S-parameter simulation to calculate Pusing (5). In FIG. 4B, 
the comparison with simulation result indicates that the dis 
closed method well predicts and optimizes P. 
(0075) The amplitude of the optimum gain A, can be 
derived by normalizing the outpower (P/(VVI) or P/ 
IV*). This however ignores the voltage limitation of the 
oscillation Swing. For example, when A, is greater than 
unity (IVI-IV), then as the oscillation Swing grows, the 
drain Voltage Saturates near V, first, and the gate Voltage 
only approaches V, AI. Therefore, even if P/ IV - is 
maximized, P is not necessarily the maximum that can be 
achieved. To correct this, a variable range 
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V 7 |V is 2 (7) 

is applied to the optimization of P. The factor of V2 in (7) 
translates the root-mean-square (RMS) Value to magnitude. 
In (5), the amplitude and phase of A, are independent, so 
Z.A. in (6) is still valid. Then it is substituted into (5) to get: 

0076. At maximum P at least one of IV and IV, 
reaches V,V2. Then, depending on the Y-parameters of the 
transistor, there are three possibilities for the parabolic curve 
of P (shown in FIG. 6), which lead to different values of 
|Al: opt 

2 2g11 > y 12 +y|| Case 2: A = t > 1, if { gll y2 y 
ly 12 + y31 2g22 <ly 12 + y, 

+ y, 2g11 < y 12 +y|| Case 3: A = ly 12 + y1 3 1, if { gll < y12 y 
2g22 2g22 > Iy 12 + y1 

0077. It is noteworthy that in (9), it is not possible to have 
both 2g and 2g larger than lyay. This is because the 
fundamental oscillation frequency is always below the cut-off 
frequency f. and the unilateral gain U is greater than unity, 
which is equivalent to the condition: 

4g.11g22<ly 12ty2°. (10) 

0078 Normally, the transistor transconductance ly, is 
much larger than the devices input and output conductances 
(g and g). Therefore, Case 1 in (9) gives the maximum 
P. Actually, the transistor of the 65-nm CMOS process used 
exemplary embodiments of the present disclosure falls into 
this category, so |A| in such an oscillator is unity. This is, 
however, not always true. Case 2 and Case 3 may occur for 
two reasons: (1) the device loss (g and ga) increases as the 
frequency approaches f and (2) the transconductance 
(y) decreases as the oscillation Swing grows. 
0079. As indicated in FIG. 4B, the 180° phase shift in 
conventional push-push oscillators provides only half of the 
peak P. The power is even less in the real layout, because 
the metal line between the transistors gate and drain causes 
the A?p in FIG. 4A smaller than A?p. An oscillator using a 
triple-push structure eliminates Such problem. However, gen 
eration of the third harmonic is normally weaker than that of 
the second. Moreover, the output in the center of the triple 
stage loop is hard to connect to the large-size on-chip antenna. 
Finally, the structure does not facilitate the symmetrical cou 
pling in a power-combined oscillator array. 
0080. By observation, the transistor inside push-push or 
triple-push topologies needs another transistor(s) (i.e., active 
network) to form an oscillation loop. Having Such active 
network around the transistor is advantageous, because the 
oscillation frequency is so high that the transistor becomes 
unconditionally stable. As FIG. 7 shows, at 130 GHz, the 
stability factor k of the transistor is 1.19, and the simulated 
Source/load instability regions, T. and T are outside of the 
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circle |T| <1. Therefore, any passive network at the gate and 
drain cannot cause oscillation. Nevertheless, if a self-feeding 
transmission line is inserted between the drain and the gate to 
intentionally degrade the inverse isolation of the transistor, 
the transistor becomes conditionally stable, as FIG. 7 shows. 
This means once the admittances of the passive terminations 
at the gate and drain (Y and Y) lie inside the instability 
region, the transistor is able to oscillate by itself. Such con 
cept leads to the exemplary self-feeding oscillator structure in 
FIG. 7, which contains a self-feeding line and two shunt 
components Y and Y. Ideally, both Y and Y should be 
lossless, but such is not the case in reality. So, Y is assumed 
to be lossless, essentially modeling all loss to Y. 
I0081. The stability analysis only determines whether the 
oscillation can occur or not, not how strong it is. So next, a 
rigorous method is presented to give the values of the oscil 
lator design parameters (Zo (p.Y., and Y), which precisely 
achieve the optimum gain conditions (AA, and IAI) 
derived above. It is noted that the electrical length (p of the 
self-feeding line in FIG. 7 does not result in the same voltage 
phase shift ZA, because in addition to the traveling wave, 
standing wave also exists inside the line. 
I0082 First, the whole circuit is considered to be a two-port 
network with Y-parameter Y, which relates the external 
currents and voltages (FIG. 7): 

leat Vert (11) 
l = Yotal l 

lett, 2 Vert.2 

I0083. The entire network is composed of three sub two 
port networks, N, N and N. They share the same Voltages, 
and their currents add up. Therefore, Y, is the Sum of the 
parameters of the sub networks: 

Yaff of+f YTLIY), (12) 

where the transmission line network Y is: 

1 1 (13) 
TZotanger Zosinger Bri Br2 

1 1 BT2 BT1 
ZosinspTL 

YTL = i 

TZotanger 

and the shunt components network Y is: 

G1 + iB1 O (14) 
O G2 +jB 

Y 
O Y2 

Yshunil = 

I0084. Next, to solve for Y that contains all circuit 
design parameters, two conditions are applied to the linear 
equations (11). First, the self-feeding structure in FIGS. 
8A-8B is supposed to oscillate at fundamental frequency f. 
For an oscillator that is a self-sustaining network, the external 
currents I, and I2 are Zero. Therefore: 

Vert. l O (15) (...) = - 
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0085. The second condition relates to the goal of achieving 
the optimum gain A, which is, by definition, the ratio 
between V., and V. Therefore, (15) becomes: 

1 O (16) al 
where A and A are the real and imaginary parts of A 

Yotal 

opt 
respectively. Based on (16), then: 

{ + Y + iBT -- (y12 + iBT2)(AR+iA) = 0 (17) 
y2i + jBr2 + (y22 + Y2 + i Bri)(A R +jA;) = 0 

which can also be expressed in matrix form after separating 
the real and imaginary parts of each equation (shown in (18)). 

G1 (18) 
1 0 0 () - A G2 -g11 - Re(Ay12) 
O 1 O 1 AR B1 - B - Im(A, y2) 
O AR 0-A1 –A 0 || B. || -gi - Re(A y) 
O Al O AR AR 1 BT1 -b21 - Im(A y22) 

BT2 

I0086 AS assumed before, Y is lossless, so G is Zero. 
Then the linear equations (18) are solved. In specific, for the 
transmission line design: 

BT = 1 g + Re(Ay12) (19) 
T2 Zsin, A 0SInspTL 

0087. In (19), the transmission line impedance Z and 
electric length (p are coupled, and their relation is simulated 
in FIG. 9. As shown next, such flexibility is utilized to also 
optimize the harmonic generation efficiency. In the present 
example, Zo was chosen to be 602 and (p to be 48° at 130 
GHZ (~150 um in physical length). The size of the transistor 
is 27 um/60 nm, which is based on a comprehensive consid 
eration of the output power, layout, and the feasibility of 
implementing the Zo of the self-feeding line associated with 
the transistor size. 

B. Harmonic Generation and Efficiency Enhancement 
0088. To extract the 2nd-harmonic signal out of the basic 
self-feeding structure described above, the schematic of an 
exemplary harmonic oscillator in the 260-GHz radiator array 
is shown in FIG. 10. Two self-feeding structures are coupled 
through their feedback transmission lines TL. Then two 
additional lines, TL, extract the 2nd-harmonic signals and 
combine them at the output. The output node is a virtual 
ground to the fundamental signal, thus reflects it back. This is 
because the two self-feeding structures are designed to have 
differential oscillation (discussed below). At f, the short 
terminated lines TL (78° in length) also provide the suscep 
tance B in (18). The Susceptance B of the gate shunt com 
ponent is provided by a pair of thick-gate MOS varactors. 
Such varactors have a quality factor of 6-7 at 130 GHZ (zero 
bias) and a dynamic cut-off frequency of 870 GHz. Besides, 
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their capacitances are small (11 fF), so that in addition to the 
pulse modulation, this source can also continuously change 
frequency within a small range, without compromising the 
output power. With the RF-block resistor R (6.6 kS2), the 
varactors present high impedance to the common-mode sig 
nal at 2f. 
I0089. The above operation relies on the out-of-phase cou 
pling mode of the two self-feeding structures. In this mode, 
the coupled lines TL present the even-mode impedance Z. 
to each transistor. Therefore, to achieve the optimum gain 
A we set Z, to be 602, and electrical length (at 130 
GHz) to be 48°, which are derived in the previous section. 
However, by symmetry, the two self-feeding structures can 
also potentially oscillate with in-phase mode, which is undes 
ired. In the present design, this mode is Suppressed. This is 
because in this mode, the coupled lines present odd-mode 
impedance Z to each transistor, and Z., was made to be 
only 2092, which gives a gain far from the optimum (thus 
smaller output power at f). Moreover, the quality factor of the 
coupled lines in this mode is lower, because the generated 
magnetic fields are partially canceled. 
0090. In an aspect of the present disclosure, a self-feeding 
oscillator 20 is provided. The oscillator 20 includes a coupled 
pair of transistors 21 configured to operate at a fundamental 
frequency f. A gate 23 of each transistor 21 is connected to a 
drain 24 of the transistor 21 by a feedback transmission line 
25, and wherein the feedback transmission lines 25 are con 
figured to couple the pair of transistors 21 in an out-of-phase 
coupling mode. An output node 22 is connected to the drain 
24 of each transistor 21 by an output transmission line 26 
tuned to a harmonic of the fundamental frequency. The output 
node 22 may be configured to Suppress the fundamental fre 
quency f. For example, the output node 22 may be config 
ured to be a virtual ground at the fundamental frequency. The 
gate 23 of each transistor 21 may be capacitively coupled to a 
tuning input, for example, by a varactor 28. 
0091 Next, the efficiency of harmonic generation inside a 
harmonic oscillator is discussed. When a transistor is driven 
by a large Voltage Swing at the gate, its channel current is 
distorted, thus harmonic currents are generated. This is the 
fundamental mechanism utilized by almost all harmonic 
oscillators. The magnitude of the harmonic current is mainly 
determined by the distortion of the current at f which is a 
function of the fundamental oscillation power P and the 
transistor nonlinear I-V relationship i? (V2 V.2). (The 
effect of V2 on i? is represented by the g, at 2fo, and the 
effect of va, is represented by the gaat 2?. Therefore, these 
two effects are not included ini). Since P, has been maxi 
mized in above and i, (V, V) is a property of the device 
itself, the current distortion, namely the harmonic channel 
current, is modeled as an independent current source at 2f 
(denoted as i, in FIG. 12A). Then, at 2f the transistor is 
considered as a power source, and the amount of available 
power at the output load is: 

in, (20) 
4Gout Pout.2fo = 

where G is the real part (i.e., conductance) of the total 
internal admittance in shunt with it. For harmonic oscilla 
tors, it is important to have Smaller G to get higher P data out,zf 
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0092. For the transistor inside a push-push oscillator, the 
2nd-harmonic signals at the gate and drain nodes are equal in 
both magnitude and phase (FIG. 12A). The transistor is there 
fore diode-connected at 2?. Unfortunately, for the transistor 
core (without parasitic capacitances). Such configuration 
increases G from g. to gig. Essentially, this is due to 
the negative feedback path between the gate and drain. The 
simulated g and g, of the NMOS (W/L=27um/60 nm) used 
in the exemplary self-feeding oscillator are 3.2 mS and 24.7 
mS, respectively. This means in push-push oscillators the 
available harmonic power of the NMOS core is reduced by a 
factor of 8.7. At the frequencies of interest, the parasitic 
capacitances are not negligible. ASFIG. 12A shows, the direct 
gate-to-drain connection shorts the capacitor C. However, 
C, which is normally larger C is in shunt with it. This 
further increases G, and decreases P. Such degradation 
is even more significant with the presence of the inevitable 
interconnect from the drain of one transistor to the gate of 
another transistor (denoted as L. in FIG. 12A). The final G 
of the circuit in FIG. 12A is plotted in FIG. 13, by simulating 
the total conductance of the diode-connected NMOS. In addi 
tion to g, and g, the parasitics dominated by C increase 
G to 35.4 mSat 260 GHz. With an L of only 5 pH, the G 
is further increased to 43.5 mS at 260 GHz. 

0093. The above analysis indicates that the reduction of 
the available harmonic power is mainly due to the presence of 
the 2nd-harmonic signal at the gate. As a comparison, in FIG. 
12B, the gate signal is shorted to ground through a bypass 
capacitor C. This way, the negative feedback path is elimi 
nated, and the output conductance of the NMOS core 
becomesh. At high frequency, G, is increased by C. but 
since C is smaller than C. Such degradation is less than that 
in the push-push oscillator case. As FIG. 13 shows, the simu 
lated G of the NMOS in this case is 11.5 mS at 260 GHz. 
The available harmonic power Pout.cf. is therefore 3-4 times 
larger than that of the push-push oscillator. 
0094 Similar gate isolation is implemented by the self 
feeding lines in the exemplary self-feeding harmonic oscilla 
tor. As FIG. 14 shows, the flexible choice of cp in (2) and 
FIG. 9 is utilized. With the electrical length of 48° at f, the 
coupled lines are slightly over a quarter wavelength at 2f. 
This quarter-wavelength line is in series with the transistor 
gate, and in simulation, the Small impedance of the gate is 
increased by a factor of 3.5. Therefore, the 2f signal path 
from the drain to the gate is blocked. The waveforms in FIG. 
15A are the 2nd-harmonic signals at the gate and drain from 
the harmonic-balance simulation of the self-feeding har 
monic oscillator shown in FIG. 10. It can be seen that with the 
coupled-line-blocking, the signal level at the gate is 8.5 dB 
lower than that at the drain. The simulated output conduc 
tance, G, of one of the self-feeding structures (FIG. 14) is 
plotted in FIG. 15B. The loss of the transmission lines is 
included. At 260 GHZ, G, is only 10.7 mS, which is even 
slightly lower than that of the gate-grounded NMOS in FIG. 
13. This is because the Va, and V, in FIG.15A are nearly 
out-of-phase, which create a negative conductance through 
g, in the NMOS core and partially cancels the loss. Lastly, it 
is also noteworthy that without the shuntgate capacitance, the 
drain is better impedance-matched to the extraction line TL 
in FIG. 10. So the signal at 2f inside TL is mainly traveling 
wave, which reduces the signal loss caused by multi-reflec 
tion. 

0095 From above analysis, in comparison to conventional 
push-push oscillator, the exemplary self-feeding harmonic 

Oct. 8, 2015 

oscillator increases the fundamental oscillation power by a 
factor 2, and increases the output conductance of the current 
source at 2f by a factor of 4. The simulated output power of 
a single self-feeding harmonic oscillator is 0.82 m W. When 
the antenna feed line and output matching stubs are included, 
the output power is 0.6 mW. The simulated DC power con 
sumption of one harmonic oscillator is 49 mW from a 1.2 V 
Supply. 

Quadrature Oscillator 
(0096. As is shown in FIG. 1, the differential self-feeding 
oscillators are inter-coupled through quadrature oscillators. 
The schematic of an embodiment of a quadrature oscillator is 
shown in FIG. 16. The quadrature oscillator comprises four 
single-transistor amplifier stages connected end-to-end. At 
the fundamental oscillation frequency (~130 GHz), the tran 
sistor is unconditionally stable (k=1.14). Therefore, for each 
amplifier stage, the input and output transmission-line net 
works are designed to achieve simultaneous conjugate match 
ing (FIG. 17). This way, each amplifier not only has the 
maximum available gain G, but also has a phase shift that 
is easily adjusted to -270° by changing the lines between the 
stages. The simulated S of each stage (including the loss of 
lines) in FIG. 18 (Mode 1) has a magnitude of 2.1 dB at 137 
GHz, where the phase shift is -270°. Therefore, the loop 
oscillates near this frequency with the desired quadrature 
phase. 
0097. Unfortunately, the loop can also potentially oscillate 
in another mode with undesired phase. As is shown in FIG. 
18, at a lower frequency near 100 GHz. (Mode 2), the stage 
phase shift is -180°, and the gain is also larger than one. To 
address this issue, in FIG. 16 the source nodes of MOSFETs 
in the two opposite sides are combined, and a transmission 
line TL (cp-30° at 130 GHz) is inserted between the com 
bined node and the ground. In the desired quadrature oscilla 
tion mode, the currents in those two source nodes are out of 
phase, and cancel once combined (FIG. 18). In this way, the 
line TL does not change the operation described above. But 
in the undesired out-of-phase mode, the two currents are 
in-phase, and they flow into TL after combined. The simula 
tion results in FIG. 18 indicate that with such source degen 
eration, the stage gain in the undesired mode (Mode 2) is 
suppressed below 0 dB. This circuit modification therefore 
selects the correct mode. In simulation, the quadrature oscil 
lator consumed 76 mW DC power. 

Sub-Millimeter-Wave Switch and Pulse Modulation 

0.098 Normally, MOS transistors are used for switching. 
However, for frequencies in millimeter-wave and terahertz 
range, the parasitic capacitors of the transistor significantly 
leaks the signal when the channel is pinched off. Note that 
even if the capacitance is tuned out by a shunt inductor. Such 
leakage path still exists, because the quality factor of the 
parasitic capacitors in Such high frequency is low. To evaluate 
the switching capability of the device, the impedance ratio of 
the device in OFF and ON status is simulated, after the imped 
ance imaginary part is tuned out by an lossless inductor (FIG. 
19). Obviously, high Z/Z is desired. But FIG. 20 indi 
cates that such ratio for an NMOS decreases from 65x at 50 
GHz to only 9x at 260 GHz. To make things worse, since the 
signal lines to be Switched carry the power Supply (V), 
only PMOS (instead of NMOS) can be used. And the imped 
ance ratio of PMOS (FIG. 20) is 4x at 260 GHz. Such low 
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OFF/ON ratio leads to an inefficient switching which reduces 
the power and bandwidth of the pulse-modulated output. 
0099. On the other hand, the simulated Z/Z Of an 
n-type MOS Varactor in the same process is as high as 21x at 
260 GHz. This is due to several reasons. First, the switching 
of MOS transistors relies on the resistive change of the chan 
nel, AR. To reduce Zow (sR), larger channel width is 
needed, which directly increases the lossy parasitic capaci 
tance and reduces Z. In comparison, a varactor Switch 
utilizes the capacitance change C/C of the core (exclud 
ing the parasitics), which is not limited by the device size. The 
parasitic capacitance of Varactor, therefore, is minimized. 
Second, at higher frequency, while the Z of MOS transistor 
(sR) remains the same, the Zoy of Varactor is Smaller, 
which partially compensates the degradation of Zoe/Zoy 
due to the smaller Z at higher frequency. (3) The silicon 
for current conduction in MOS varactors is in accumulation 
mode, while that in MOS transistors is in inversion mode, 
which has more loss. The nonlinearity and loss comparison of 
different devices is highly dependent on process and layout. 
The superior nonlinearity and loss performance of MOS var 
actor in the same process has also been demonstrated by 
another 480 GHz passive frequency doubler work. In the 
schematic shown in FIG. 21, a pair of MOS varactors modu 
lates the differential signals, which are driven by two self 
feeding oscillators inside a radiator unit. So the varactor bot 
tom control node behaves as a virtual ground at 2?. This way 
the large and lossy parasitics, including the n-well to p-Sub 
strate capacitor and the digital pulse generator output imped 
ance, are invisible to the 260 GHz signal, hence the associated 
loss is eliminated. The tuning inductors in FIG. 19 are 
absorbed into the design of the output networks. 
0100. In another aspect, the present disclosure can be 
embodied as a Switch 50 for gating a signal having a signal 
frequency. The switch 50 comprises a transmission line 52 on 
which the signal is transmitted. A control node 56 is selec 
tively configured to behave as a virtual ground at the signal 
frequency. A varactor 54 couples the transmission line 52 to 
the control node 56. 
0101. Near each switch, a local digital pulse generator 60 

is placed to provide the control narrow-pulse train. Compared 
to the single central pulse generator scheme, the presently 
disclosed solution minimizes the dispersion caused by the 
long distribution network, which Smoothes out the sharp 
pulses. The schematic of an exemplary pulse generator 60 is 
shown in FIG. 21. A multi-GHz signal feeds the inputs of a 
NOR gate through two inverter chains, with a small delay 
mismatch Att. The output of the NOR gate is therefore a 
sharp pulse with width close to Att. The transistors of the 
pulse generators are 2.5-V thick-gate I/O devices, which pro 
vide larger pulse amplitude to fully turn on/off the varactor 
switches. The simulated differential output waveform of one 
self-feeding oscillator pair, with pulse modulation, is shown 
in FIG.22. The pulse width is 45 ps, and in the idle cycle, 80% 
of the radiation power is attenuated. 
Slot Antenna and Radiation with a Silicon Lens 

0102) To radiate the high-power terahertz pulse, an on 
chip antenna should have broadbandwidth and high radiation 
efficiency. However, there is normally a design tradeoff 
between these two merits. To avoid the lossy silicon substrate, 
Some antennas like microStrip patch have a ground plane 
which reflects the radiation to the front side. But in a CMOS 
process, the radiator plate and ground plate are so close (<10 
um), that the resonance cavity they form has a very high 
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quality factor. Therefore the impedance matching bandwidth 
is only around 5%. On the other hand, for antennas without a 
ground shield, bandwidth is greatly improved, but most of the 
wave is absorbed into the silicon and travels towards the back 
side. At the silicon-to-air interface on the back, the power 
reflection rate for an incident angle 0, is: 

- 2 21 
R in cost- navi - n, sin(); (21) 
s = -- 

in cost; + navi - n, sin(); 

where the refractive index of the silicon n is 3.45. The values 
of n and n are ns and 1 for S-polarization, and 1 and ns for 
p-polarization. Based on the calculated plots in FIG. 23, the 
total reflection critical angle is only 16° due to the large ns. 
The wave outside of such small “window' is reflected and 
trapped in the substrate. The radiation efficiency is therefore 
greatly reduced. To reduce the Substrate wave and loss, pre 
vious works have thinned the wafer near 100 um. 
0103) In an embodiment of the present disclosure, an array 
of 8 slot antennas is used. Without having a ground reflector, 
the bandwidth for impedance matching (IS-10 dB) is over 
60 GHz. Compared to commonly-used dipole antennas, slot 
antennas better Suppress undesired front side radiation, and a 
wide metal plane for current conduction reduces loss. More 
over, being a slot in a ground plane (FIG. 25), the antenna fits 
better into the chip layout for a compact, efficient feed-line 
network. Shorter distance between antenna elements is also 
advantageous to reduce the side lobes of the array combined 
beam. To handle the reflection issue, a high-resistivity silicon 
lens may be attached to the chip backside (FIG. 26). The lens 
is hemispheric, so that the incident wave in each direction is 
very close to normal to the lens surface, thus has the minimum 
reflection. In HFSS, the simulated directivity of one slot 
antenna element, including the 260 m-thick substrate (10 
S2 cm), is 7.6 dBi for the radiation into a hypothetical semi 
infinite silicon space (FIG. 27A). The directivity is further 
enhanced by 9 dB in the 8-element array (FIG. 27B). The 
simulated radiation efficiency from the antenna array to the 
inside of the silicon lens is 60%. Even with 30% reflection at 
the lens surface (calculated in FIG. 23), the total radiation 
efficiency (antenna-to-air) is still as high as 42%. The diam 
eter of the silicon lens D is 10mm, which is 40x larger than 
the chip thickness hi. Therefore, the convergence to the 
array radiation beam in FIG. 27 by the lens is very small. 
According to the geometrical optics in FIG. 26, the conver 
gence effect is more significant for large polar angle 0, or in 
another word, for antennas with less directivity. This is a 
difference between the previous works, which integrate sili 
con lens with single antenna element or an array of indepen 
dent elements, and the present disclosure, where the array 
beam is much more concentrated in the vertical direction. 
Even at the edge of the main lobe (0=13), where the radiation 
intensity already drops to ~2% of the peak, the deviation of 
A0, is only 0.7°. 
0104. With a hyper-hemispheric lens, more directive 
radiation beam and higher EIRP (effective isotropic radiated 
power) are expected. However, since the wave radiated from 
the chip to the lens is not normal to the lens surface, the total 
radiated power is reduced by the higher reflection loss (FIG. 
23). Meanwhile, the beam convergence by the hyper-hemi 
spheric lens makes it difficult to compare the simulated pat 
tern in FIG. 27 with measurements. 
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Exemplary Embodiment and Experimental Results 
0105. A 260-GHZ radiator array was implemented using a 
65-nm bulk CMOS technology. FIG. 28 shows the micro 
graph of the die, which has an area of 1.5x1.5 mm. FIG. 29 
illustrates the packaging of the chip and the integration with 
the silicon lens. First, the edges of the chip front side were 
glued onto an FR-4 PCB, which has a hole to expose the chip 
pads. Then wires were bonded to connect the chip pads with 
the PCB pads. Since the EM field of the slot antennas was 
concentrated in the back side, the bond wires did not interfere 
with the circuit operation. As the die photo shows, the anten 
nas were laid out in the diagonal direction of the chip; so to 
align the radiation E-field with that of the receiver antenna in 
the measurement, the chip was rotated by 45° when mounted 
on the PCB. Next, the silicon lens was pressed onto the chip 
backside by a 2-D micromanipulator. The alignment of the 
lens with respect to the chip was adjusted until the direction of 
the output radiation beam was vertical to the chip. Finally, the 
lens was glued with the PCB. The chip consumed 0.8-W 
power from a 1.2-V DC supply. The large DC current flows 
through only 40 RF transmission lines (W=2 um) into the 
transistors, so prevention of overheating is advantageous so 
that the lines are not damaged. Unfortunately, since the two 
sides of the chip were occupied by bond wires and silicon lens 
respectively, it was not possible to mount a heat sink for 
thermal pathway. So a cooling fan was mounted to the front of 
the chip. A photo of the packaging is shown in FIG. 30. 
0106 The setup used to measure the radiation frequency 
and spectrum is shown in FIG. 31. The modulation function 
of the chip was first turned off. The radiation from the chip 
was received by a diagonal horn antenna (gain 25 dBi) cas 
caded by a VDI WR-3.4 even-harmonic mixer (EHM). The 
diode-based mixer was first forward biased with a 10 LA 
current to operate in the direct power detection mode. Its 
output response was much faster than that of the calorimeter, 
which greatly helps the initial silicon lens-to-chip alignment. 
Next, through a PMP-MD4A diplexer, an LO signal was fed 
into the harmonic mixer. The input radiation signal was mixed 
with the 16-th harmonic of the LO signal, thus down con 
Verted to a low frequency signal (fis1 GHz). The IF signal 
was measured by a spectrum analyzer after amplified by an 
LNA (gain s30dB). The chip radiation frequency is given by 
fNftf. (N=16), and in practice, the input radiation 
signal can also be mixed with other LO harmonic. In the 
measurement, the value of N was determined by the fact that 
f is shifted by 160 MHZiff, is intentionally changed by 10 
MHz. When f, is 16.19 GHz, the measured IF spectrum 
around 1 GHz is obtained (FIG. 32). This gives a measured 
radiation frequency of 260 GHz. FIG. 32 also shows the 
measured phase noise spectrum from 500 kHz to 5 MHz. At 
1-MHz offset, the phase noise is -78.3 dBc/Hz. In FIG. 10, 
there are a pair of Small-value Varactors inside each self 
feeding oscillator. By changing the Varactor bottom plate 
bias, V, the measured radiation frequency of the chip is 
changed by 3.7GHZ, shown in FIG. 33. 
0107 Theaperture diameter of the horn, D., was 5.6 mm, 
which resulted in a minimum far-field distance of 54 mm in 
free space (2 D/No). Due to the silicon lens with a radius of 
5 mm (equivalent to 5-Ves, 17 mm in free space), the dis 
tance between the horn antenna and the silicon lens Surface 
should be larger than 37 mm. In the measurements, it was 40 
mm (45 mm from the horn to the chip antenna). Next, the 
radiation pattern was characterized by rotating the chip in the 
azimuth (and elevation 0 directions (FIG. 31) with a set of 
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servo motors. The measured normalized intensity, F(0, (p), in 
the E-plane (p=0) and H-plane (cp=TL/2) is shown in FIG. 34. 
The directivity of the chip with the backside radiation (O) 
was determined by: 

F(0, Fa- 22 D = 4; the & 47t in (22) 
F(0,p)sinéded 2it it "I F(0,p) p M 2N22, F(0, p.)sine; 

where M, the number of measured pattern cuts, equals 2. For 
highly-directive antennas, the two orthogonal planes 
(E-plane and H-plane) are adequate. In (22), N, which equals 
90, is the number of measured points within each pattern cut 

The measured directivity of the chip is 15.2 dBi. The higher 
side lobes in the measurement cause the 1.4 dB directivity 
degradation compared to the simulation in FIG.27B. Next, an 
Erikson PM4 calorimeter was used to accurately measure the 
radiation power (FIG. 35). (The effect of the chip infrared 
radiation was examined by rotating the powered chip by 90°, 
in order to preserve the infrared radiation but block the cou 
pling at 260 GHz using the polarization orthogonality of the 
antennas. The thermal effect was not observed, which may 
due to the active cooling on the other side of the PCB. The 
power measurement was also calibrated using the Sub-har 
monic mixer in its direct-power-detection mode (FIG. 31)). 
At the same far-field distance, the measured power was 48 W. 
which gives an EIRP of 15.7 dBm based on the Friis equation. 
This is equivalent to a 37 mW isotropic source for the same 
radiation power density. The actual radiation power of the 
Source was (EIRP-Directivity), which was 0.5 dBm, or 
1.1 mW in the measurement. 

0.108 Finally, the narrow pulse modulation of the chip was 
turned on by injecting a 3.5 GHZ sinusoidal signal into the 
modulation port. Then, by Sweeping the LO frequency f, of 
the mixer, the frequencies of other side bands were found. 
Although the power of each side band cannot be measured 
separately by the power meter, it was still estimated using the 
mixer, regarding its relative difference from the single-tone 
power measured before. The measured radiation spectrum is 
plotted in FIG. 36. In total, 6 side bands were measured above 
the noise floor. They were spaced by 3.5 GHZ, which gives a 
null-to-null radiation bandwidth of 21 GHz. FIG. 36 also 
presents the simulated radiation spectrum, which has a band 
width as high as 40 GHz. In the measurement, the radiation 
frequency can also be continuously changed by 3.7GHZ as is 
described earlier. Therefore, the entire spectrum is shifted by 
the same amount, with moving range overlap between neigh 
boring sidebands. This means the radiation from our 260 GHz 
array continuously covers a bandwidth of 24.7GHZ. In FIG. 
36, the lowest measured power of the side bands was -32 
dBm (0.6 uW), which is higher than the typical average power 
of the incoherent blackbody source inside a Fourier transform 
spectroscopy system (0.1 uW). This indicates the feasibility 
of integrating the 260-GHZ radiator array into an FTIR-based 
spectrometer. 
0109 Embodiments of the self-feeding oscillator struc 
ture described in this disclosure achieve the optimum gain 
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conditions for the fundamental oscillation, and therefore 
maximizes the device Voltage Swings for the nonlinear fre 
quency conversion (fo-to-2f). Meanwhile, by blocking the 
negative-feedback loop and the path to the lossy gate load for 
the signal at 2f the available harmonic power from the 
transistor is greatly improved. The CMOS prototype deploy 
ing 8 self-feeding units demonstrates an EIRP of 15.7 dBm 
and radiated power of 1.1 mW. Meanwhile, the narrow-pulse 
modulation scheme of the chip effectively broadens the radia 
tion spectrum to 24.7GHZ. The performance of the chip is 
summarized in Table I (FIG. 37), along with a comparison 
with other state-of-the-art sub-millimeter-wave CMOS sig 
nal sources. The disclosed 260-GHz radiator array embodi 
ment achieved the highest radiated power, EIRP, and band 
width in the table. 
0110. Although the present disclosure has been described 
with respect to one or more particular embodiments, it will be 
understood that other embodiments of the present disclosure 
may be made without departing from the spirit and scope of 
the present disclosure. Hence, the present disclosure is 
deemed limited only by the appended claims and the reason 
able interpretation thereof. 
What is claimed is: 
1. A device for signal generation, comprising: 
a quadrature oscillator having a first phase output at a first 

phase and a second phase outputata second phase which 
is different from the first phase: 

a coupled oscillator pair, comprising: 
a first oscillator connected to the first phase output of the 

quadrature oscillator and configured to provide a first 
signal at a first output, wherein the first signal com 
prises a harmonic of the fundamental frequency; and 

a second oscillator connected to the second phase output 
of the quadrature oscillator and configured to provide 
a second signalata second output, wherein the second 
signal comprises a harmonic of the fundamental fre 
quency which is the same harmonic as the first signal, 
and the first and second signals are differential; 

a first antenna in electrical communication with the first 
output; and 

a second antenna in electrical communication with the 
second output. 

2. The device of claim 1, further comprising a switch for 
pulse modulation of the first and second signals, the Switch 
connecting the first output to the first antenna and the second 
output to the second antenna. 

3. The device of claim 2, further comprising a pulse gen 
erator configured to operate the switch such that the first and 
second signals are modulated according to pulses from the 
pulse generator. 

4. The device of claim 1, wherein the first and second signal 
comprise an even harmonic of the fundamental frequency. 

5. The device of claim 1, wherein the quadrature oscillator 
is configured such that the first phase is 90° from the second 
phase at the fundamental frequency, and the first and second 
signals of the coupled oscillator pair comprise the second 
harmonic of the fundamental frequency. 

6. The device of claim 1, wherein the switch comprises 
varactors configured to connect the first and second signals to 
a virtual ground. 

7. The device of claim 1, wherein each oscillator of the 
coupled oscillator pair comprises: 

a coupled pair of transistors configured to operate at the 
fundamental frequency, whereinagate of each transistor 
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is connected to a drain of the transistor by a feedback 
transmission line, and wherein the feedback transmis 
sion lines are configured to couple the pair of transistors 
in an out-of-phase coupling mode; and 

an output node connected to the drain of each transistor of 
the coupled pair of transistors by an output transmission 
line tuned to a harmonic of the fundamental frequency, 
wherein the output node is configured to Suppress the 
fundamental frequency. 

8. The device of claim 1, wherein the first and second 
antennas are slot antennas. 

9. The device of claim 1, wherein the fundamental fre 
quency is greater than 100 GHz. 

10. The device of claim 1, wherein the fundamental fre 
quency is 130 GHz. 

11. A system for signal generation, comprising: 
four quadrature oscillators, each quadrature oscillator con 

figured to operate at a fundamental frequency, and each 
quadrature oscillator having a 00 phase output, a 90° 
phase output, a 180° phase output, and a 270° phase 
output; 

four radiator units, each radiator unit comprising: 
an oscillator pair operating at the fundamental fre 

quency, a first oscillator of the oscillator pair con 
nected to two of the quadrature oscillators at the 90° 
phase output and 270° phase output, respectively, and 
a second oscillator of the oscillator pair connected to 
the same two quadrature oscillators at the 0° phase 
output and the 180° phase output, respectively; the 
oscillator pair configured to generate differential sig 
nals at a second harmonic of the fundamental fre 
quency: 

two antennas, each antenna in electrical communication 
with a corresponding oscillator of the oscillator pair; 
and 

a Switch connecting each oscillator of the oscillator pair 
to a respective antenna of the two antennas; and 

wherein the quadrature oscillators and radiator units form 
a ring of alternating quadrature oscillators and radiator 
units such that the oscillator pairs and quadrature oscil 
lators are coupled. 

12. The system of claim 11, wherein the fundamental fre 
quency is greater than 100 GHz. 

13. The system of claim 11, wherein the fundamental fre 
quency is 130 GHz. 

14. A method for generating abroadband signal, compris 
ing: 

generating a first phase signal and a second phase signal 
using a linking oscillator; wherein the first and second 
phase signals have a same fundamental frequency and a 
phase of the first phase signal is different than a phase of 
the second phase signal; 

coupling a first harmonic oscillator to the first phase signal 
to produce a first output signal at a harmonic of the 
fundamental frequency; 

coupling a second harmonic oscillator to the second phase 
signal to produce a second output signalata harmonic of 
the fundamental frequency which is the same as the 
harmonic of the first output signal; and 

wherein the phase of the first phase signal and the phase of 
the second phase signal are selected Such that the first 
and second output signals are differential signals. 
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15. The method of claim 14, wherein the first and second 
phase signals differ by 90°, and wherein the first and second 
output signals are at a second harmonic of the fundamental 
frequency. 

16. The method of claim 14, further comprising the step of 
pulse-modulating the first and second output signals. 

k k k k k 
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