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Circuit Implementations and Comparison between
Different Multiplication Factors in Terahertz Frequency
Generation in 90nm Process Using Linear Superposition
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Abstract—In this paper, the Linear Superposition technique
for Terahertz frequency generation in CMOS circuits has been
reviewed. The CMOS circuits are designed in 90nm process and
oscillator parameters are designed to have a fundamental
oscillation frequency of 91 GHz. Circuit designs for different
values of multiplying factor N are demonstrated and their
Pspice simulation results are presented and compared. In these
simulations, oscillation of up to 910 GHz (for N=10) was
observed.

Index Terms—Terahertz frequency generation, linear
superposition, terahertz CMOS circuits

[. INTRODUCTION

With the continuous emergence of more and more new
Terahertz (THz) signal applications, the necessity of
evolution of novel design techniques to fill the so-called
‘THz Gap’ is on the rise. The attention has started to shift
from traditional optically pumped lasers [1], backward-wave
oscillators [2], direct-multiplied Sources [3], and
quantum-cascade semiconductor lasers [4], towards digital

CMOS technologies for generation of THz frequency signals.

CMOS push-push oscillators have been implemented in
[5]-[7] for generation of THz signals in the range of 0.1-0.5
THz. To overcome the limitation of push-push oscillators in
maximum achievable oscillator frequency, a novel method of
Linear Superposition has been demonstrated in [8]. In their
paper [8], Huang et al. have devised a generalized algorithm
of Linear Superposition (LS) of equally phase-shifted
oscillations of same frequency to generate a frequency which
is a multiple of the fundamental frequency of oscillation. The
multiplying factor, denoted by N in [8], is equal to the
number of superimposed phase shifted signals, and is a
multiple of 2. Beginning their paper with a generalized
algorithm for N=2k (k=1, 2, 3...), Huang et al. have
demonstrated the circuit implementation for N=4, in 90 nm
process, and have succeeded to generate 324 GHz frequency
by this method.

This paper is directly motivated by [8], and looks into the
LS method in a greater detail. In this paper, we have
presented and described the circuit implementations for N=2,
4, 6, 8 and 10, and have been able to generate up to 910 GHz

Manuscript received August 14, 2012; revised October 16, 2012.

Avijit Saha, Shibani Ghosh and Md Sakib Hasan are with Department of
Electrical and Electronics Engineering, Bangladesh University of
Engineering and Technology, Dhaka-1000 (e-mail: avijit003@gmail.com).

Ishraq Ahmed and Avijit Das are with Department of Electrical
Engineering and Computer Science , North South University, Dhaka,
Bangladesh (e-mail: Ishraq517@gmail. com)

DOI: 10.7763/1JIEE.2013.V3.289

signal in simulation in 90nm process. The underlying
mechanism and design techniques of the circuits are
explained in detail, and the simulation results are presented
and compared for different values of N.

The paper organization is as follows: Section II gives a
review of the Linear Superposition method. Section III
presents the analysis of the circuit for N=2 for explanation of
the underlying principle of the circuit. Section IV describes
the circuits for N=4, 6, 8 and 10 and their design techniques.
The Simulation results are presented and compared in
Section V. Finally, Section VI concludes the paper.

II. REVIEW OF LINEAR SUPERIMPOSITION TECHNIQUE

The basic principle of the LS technique has been described
in [8], with mathematical formulation for the generalized
case of N=2k. There is nothing new to present here regarding
the theoretical explanation of the method. Still, a brief review
is presented to give the reader an introduction to our work.

As the name suggests, the principle of the LS method lies
in the linear superposition of different signals. In this case,
the constituent signals are half-wave rectified oscillations of
same fundamental frequency and are equally phase-shifted
from one to the next. To achieve an equal phase-shift, for N
number of constituent signals, the phase-shift between two
adjacent signals should be 27t/N. If N number of such signals
are super imposed, they form a signal with frequency of N
times the frequency of the fundamental oscillation. The
phenomenon is explained in Fig. 1 for N=2 and 4.

In Fig. 1(a), two 180° phase-shifted signals are super
imposed to generate a signal with frequency content of twice
the frequency of the constituent signals. In Fig. 1 (b), for N=4,
four half-wave rectified signals with 90° phase-shift between
one to the next, are superimposed to generate a signal with
frequency content of four times the fundamental frequency.
Similar figures can be shown for N=6, 8, 10...etc. In general,
the linear superimposed signal will contain the frequency
N*f,, if N number of signals, each with the fundamental
frequency f,,,, are used.

For a mathematical proof, one may refer to [8], which also
shows the derivation of expression for fundamental to
harmonic conversion ratio for the generalized case of N=2k,
k=1, 2, 3 ... etc. The questions of how to generate N number
of equally phase-shifted half-wave rectified oscillations of a
particular frequency and how to superimpose them to
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generate the multiplied frequency are answered in the
following section.

III. TERAHERTZ CMOS CIRCUIT ANALYSIS FOR N=2

The CMOS circuit implementation schematic for N=2 is

given in Fig. 2. It should serve well to understand the
principle of LS frequency generation. Circuit designs for
higher values of N will be discussed in the next section.
The main part of the circuit in Fig. 2 is the LC tank oscillator.
The cross-coupled connection between the MOSFETs M1
and M2, together with the L and C of the circuit helps to
create and sustain an oscillation from the phase noise. The
frequency of oscillation is determined by the size of the
MOSFETs, and the values of L and C. We designed the
circuit in 90nm process, with W/L=2.4um/90nm for the
MOSFETs. L and C were chosen to be 0.1nH and 0.02pF
respectively. The load capacitances were given the value of
0.01pF. Supply voltages were Vpp=1V and Vs,=4V. For
these values, the fundamental oscillation frequency fo was
91GHz. The generated output signals Qp and Qm (shown in
Fig. 3(a)) of the oscillator at the drains of M1 and M2 have a
phase shift of 180°, which is the required phase difference for
N=2.

(b)
Fig. 1. Linear superimposition of equally phase-shifted signals for (a) N=2
and (b) N=4.
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Fig. 2. CMOS circuit for LS N=2 implementation.
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The rectification and linear superposition are both done by
the rectifying interleaver circuit. As Qp and Qm are given at
the gates of MOSFETs M3 and M4, they get turned on when
the voltage at their gates exceed their threshold voltages. This
causes the drain currents of the MOSFETs to be rectified for
the voltage at their gates below threshold voltages. The drain
currents Ip; and Ip4 of the MOSFETs M3 and M4 are shown
in Fig. 3(b). As both the currents are drawn from the supply
voltage Vg, they get linearly superimposed, because, to
maintain Kirchhoff’s Current Law, ljoa¢=Ipst+1ps. Finally, the
current |54 causes a voltage drop across the load resistance
R;=500hm with a similar waveform as the LS current. Hence
voltage Vo is the LS waveform which contains the frequency
fou=2*91 GHz=182 GHz, as shown in Fig 3(c).
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Fig. 3. Simulation results for LS N=2: (a) qm and qgp, (b) ID3 and ID4, (c)
vout.
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IV. CMOS CIrRcUIT DESIGNS FOR HIGHER VALUES OF N

The basic principle being the same as explained in the
previous section for N=2, the circuit designs for higher
values of N only have the challenge of appropriate
cross-coupling of multiple LC tank oscillators to generate the
equally  phase-shifted oscillations. The circuit
implementation schematics for N=4, 6, 8 and 10 are shown in
Fig 5.

For N=4 (Fig. 5(a)), two LC tank oscillators are
cross-coupled by MOSFETs M5, M6, M7 and M8. The gates
of M5 and M6 are connected to drains of M7 and MS
respectively, but the gates of M7 and M8 are reversely
connected to the drains of M6 and M5 respectively.

For N=6 (Fig. 5(b)), three LC tank oscillators are cross
coupled. In this case, for two pairs of adjacent oscillators, the
coupling between MOSFETs is straightforward, but the third
pair is coupled in a reverse coupling connection between
MOSFETsS (gate of M11 to drain of M8, gate of M12 to drain
of M7).

For N=8 (Fig. 5(c)), four LC tank oscillators are
cross-coupled. This time, three adjacent pairs are coupled in
straightforward manner, only one pair is coupled with reverse
connection.

For N=10 (Fig. 5(d)), three pairs of five LC tank oscillators
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are coupled in a straightforward manner, the other two pairs
are coupled with a reverse connection.The connections
described are necessary for the generation of equally
phase-shifted oscillations and hence are mandatory for the
circuit designs. The problem with finding a general pattern
for number of straightforward and reverse coupling
connections for a particular N lies in the fact that for higher

values of N, the power in the harmonic is too low to be
observed even in simulation.

V. SIMULATION RESULTS

All the circuits demonstrated so far were simulated in

sup

Pspice. The phase-shifted oscillations and final output
waveforms for N=4, 6, 8 and 10 are shown in Fig. 6(a), (b), (c)
and (d) respectively (Simulation results for N=2 has already
been shown in Section III). The generated frequencies were
364 GHz, 546 GHz, 728 GHz and 910 GHz for N=4, 6, 8 and
10 respectively.
The frequency values, output voltage peak to peak values,
average power consumption of the circuits and number of
MOSFETs required (an approximate measure for required

chip area) for different values of N are tabulated in Table I for
comparison.
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Fig. 4. CMOS circuit implementations for (a) N=4 , (b) N=6, (c) N=8, (d) N=10.

) : 3. 69780 : : P
. 796% l‘,/‘\ e 4 : foeeed
i 363700 i
LY TR 4 i aesl far AW ol
2 H J T - Srefebeeerbeeny Vout {\l ] f Y £\
¥ i LY i v : Y B I I IoX: Y
a. ey - . I }
; e \ / N \‘x 71} i Ty T
. 7 \ . e 1 {
L o A ; s.ca6 A i Pk f /
. % ¥ P ] It | ,'I i i1 F
3.782v i 7 v P ‘:‘ L . 1 X,
i = i. Nl e
. = L = o L
a. oy 2. 6a800 -
o wot-)
.o —= = S
i H I
Fhase-slufied N 2 H it H =
el ¥4 i - T .00 o
Ll e R, I W] o4 B i = Phase-shifted w :
e I X i o T A Waves :
N H HEr j ot ,
Lov T 4N Py + v 10w -
rt Bt P i foeed "
; . . P i re . \’ .
r ! ;. ¥y i : /: o "o B o Y
s ; " e i A T I e e vy —— ——— R —— L=
L) e = B O e il e L [ H
o
10, 520ms 10.522ns L E4ms 10,5268 10. 526ns 10, 520ns 10.522ns 10, 524ms 0. 526ns 10. 5280
v R VL) v v o weez o vims:g Vilig v RiLz) + vican vims: + Wimad)
Time Tie
(@) (b)

162



International Journal of Information and Electronics Engineering, Vol. 3, No. 2, March 2013

5.502% 5.36813W

5.368L07 -
T

5,501V Vout

Vout 5.368057

s

5.5007

5.368007

SBL+ effrieesede g
5.3679

5.4997

2.0y

z.07

Shifted

] Pha

1....] Waves

Phas

Waves

shifted

39232

10.524ns
L (Rt

10.526ns
4 Viwe)

10.528ns
+ Tl X WiNzd:d)

10.520ns
¢ yics:1)
¥ Yivy)

10.522ns
vouee:1)
* Vg

10.528ns
£ Fvl)
Tine

(© (d)
Fig. 5. Phase-shifted waveforms and output voltage waveform for (a) N=4, (b) N=6, (¢) N=8 and (d) N=10.
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As we can see in Table I, with increasing N, area and  was also predicted from theoretical calculations in [8].
power consumption increases, but the yield is decreased. This

TABLE I: COMPARISON BETWEEN DIFFERENT VALUES OF N

Parameter N=2 N=4 N=6 N=8 N=10
Generated
182 GHz 364 GHz 546 GHz 728 GHz 910 GHz
Frequency
Peak-to-peak
Output Voltage 142.5 mV 5mV 1.6 mV 1.2 mV 0.14 mV
Power 10.675mW | 18275mW | 30.11mW | 60.947mW | 76.954 mW
Consumption
Number of
MOSFETs 4 12 18 24 30

VI. CONCLUSION

The LS method of Terahertz signal generation using
CMOS circuits has been comprehensively reviewed. The
circuit operation has been explained and circuit design
considerations have been discussed for multiplying factor
N=2, 4, 6, 8 and 10. Pspice simulation results for these
circuits have been presented and compared. The maximum
frequency of 910 GHz for N=10 was generated in simulation.
This paper should assist [8] to have a better understanding of
the Linear Superposition method in Terahertz signal
generation and its possibilities to fill the ‘THz Gap’.
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