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Abstract: An 18.8-33.9 GHz, 2.26 mW current-reuse (CR) injection-locked frequency divider (ILFD)
for radar sensor applications is presented in this paper. A fourth-order resonator is designed using a
transformer with a distributed inductor for wideband operating of the ILFD. The CR core is employed
to reduce the power consumption compared to conventional cross-coupled pair ILFDs. The targeted
input center frequency is 24 GHz for radar application. The self-oscillated frequency of the proposed
CR-ILFD is 14.08 GHz. The input frequency locking range is from 18.8 to 33.8 GHz (57%) at an
injection power of 0 dBm without a capacitor bank or varactors. The proposed CR-ILFD consumes
2.26 mW of power from a 1 V supply voltage. The entire die size is 0.75 mm x 0.45 mm. This
CR-ILFD is implemented in a 65 nm complementary metal-oxide semiconductor (CMOS) technology.

Keywords: current-reuse; injection-locked frequency divider; radar sensor; wideband

1. Introduction

Recently, the demand for radar sensors has been rapidly increasing with the devel-
opment of the Internet of Things (IoT) industry and the autonomous vehicle industry.
The complementary metal-oxide semiconductor (CMOS) radar is characterized by various
operating methods such as doppler, frequency-modulated continuous wave (FMCW), and
(continuous-wave) CW. In the doppler radar, a low frequency to millimeter-wave (mm-
Wave) must be used to acquire a two-dimensional image through synthetic aperture radar
(SAR). Bandwidths of 500 MHz or more are used to obtain high-resolution images [1,2]. In
addition, wideband performance is very important in frequency-modulated continuous
wave (FMCW) radars because wideband chirp is directly related to the high-resolution
distance information [3]. Therefore, the wideband performance of the signal generator, the
core of the sensor, is required [4,5].

Generally, the performance of the phase-locked loop (PLL) in the signal generator must
be concerned to obtain low noise mm-Wave signals. Figure 1 shows the block diagram of
conventional PLL structure that consists of a phase-frequency detector (PFD), charge pump
(CP), low-pass filter (LPF), voltage-controlled oscillator (VCO) and frequency divider. The
key blocks that determine the specification of the PLL in the mm-Wave band are VCO [6,7]
and frequency divider [8]. The mm-Wave frequency divider should operate at high speed
and should have a wide operating range for applying the wideband sensor applications.

Frequency dividers are designed as the current mode logic (CML) divider, regenerative
divider, and LC oscillator-based injection-locked frequency divider (ILFD). The CML
divider is a combination of two flip-flops that perform simple logical operations [9-12].
Generally, CML dividers have a wide operating range and occupy a small chip area
with no inductor design. However, CML dividers suffer from large power consumption,
limited maximum operation frequency, and process, voltage, and temperature (PVT)
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variation at the mm-Wave. To address these shortcomings, tunable self-resonant circuit [9],
dynamic latches with load modulation [10,11], and additional calibration circuits [12] have
been studied. However, these still consume large powers of 4.8 [11], and 6.2 mW [12],
respectively. The regenerative divider and ILFD are also popular frequency dividers. These
two types of frequency dividers are LC oscillator-based circuits and both of them are
quite similar. The regenerative divider comprises an LC-based band pass filter (BPF) and
active-type mixer [13-15]. The active type of mixer consumes power and takes over the
role of -gm, core. Conversely, the ILFD comprises an LC-based BPF, -g, core, and passive-
type mixer that does not consume power. Therefore, regenerative dividers consume more
power than ILFDs and are not generally used for mm-Wave applications because of the
influence of many parasitic capacitors of the active-type mixer such as the Gilbert cell.
The even-harmonic mixer [14] and digital-assisted circuit [15] are employed to widen
the locking ranges of the regenerative divider. Their locking ranges are 33% and 57.4%,
respectively. However, the highest input frequencies are limited to 18.4 and 14.8 GHz,
consuming 10.8 and 12 mW power, respectively.

VCO
Fief—» PFD |—»| CP |—>»{ LPF Fout
This design
7
_frf-zquency_ mm-wave
divider chain frequency divider

Figure 1. Conventional phase-locked loop with mm-Wave frequency divider.

The most attractive mm-Wave frequency divider is the LC oscillator-based ILFD.
The reasons for its high popularity are as follows. First, the ILFD self-oscillates when
there is no input signal applied. It is possible to obtain a large output signal with a small
input signal using the oscillator-based operation. Second, because of the LC resonator,
the ILFD is advantageous for operation at the mm-Wave band. Finally, because the ILFD
uses a passive type of mixer, it consumes less power than regenerative and CML dividers.
However, the disadvantage is that the locking range is narrow because of a high-quality
factor (Q) LC resonator. Several studies are being conducted to widen the locking range
of ILFD [16-18]. The forward-body-bias techniques [16,17] are some of the effective ways
of increasing the gain of the mixer and extending the locking range. Although the ILFD
with the forward-body-bias techniques have a wide locking range of 90% in [17], there
are several reasons why this technique is impractical in mm-Wave synthesizers. First, if
a positive bias is applied to the body of an n-channel metal-oxide-semiconductor field-
effect transistor (MOSFET), the leakage current cannot be ignored, and the possibility of
a large diffusion current flow because of forward-bias increases. Second, the power of
the harmonic signal increases because of non-linearity in devices. Applying an injection
signal with an edge frequency in the locked range can make it difficult to distinguish the
power difference between the output and harmonic signals. Finally, an additional circuit
may be required to control the harmonic power, which can increase the circuit complexity
and power consumption. The dual-resonance resonator is also considered as a suitable
technique [18]. This ILFD has a locking range of 71.46%; however, it requires external
bias control and has a small output power. Moreover, when a —3 dBm injection power is
applied, an unlocking part occurs in the locking range.

In this paper, a low power and wide locking range LC oscillator-based current-reuse
(CR) ILFD using a fourth-order resonator with the distributed inductor is proposed. The
CR technique is employed to reduce power consumption. This paper is organized as
follows. Section 2 presents an analysis of the ILFD locking range. The limitations of the
maximum locking range and harmonic issues are also presented. Section 3 presents the
circuit design of the proposed CR-ILFD including the modeling of the transformer and
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design flow chart. The measurement results are shown in Section 4. Finally, conclusions
are organized in Section 5.

2. Locking Range Analysis of ILFD

Figure 2a shows a schematic of the conventional cross-coupled pair ILFD with a
second-order resonator. This ILFD consists of an N-channel metal-oxide semiconductor
(NMOS) cross-coupled pair (Mj, My), injection switch (M3) and LC resonator. The ILFD
self-oscillates if there is no injection signal at the gate of M3. Biasing the injection signal
of Vinjow at the gate of M3, the ILFD outputs V*outw and V™ oyt w. When the frequency of
the output signal is exactly half the frequency of the injection signal, it is referred to as
“locking”. To easily understand the locking operation, the current is classified into three
types, namely, Iso, liyj, and Lout. Iso represents the self-oscillation current flowing through
the core when the ILFD self-oscillates without an injection signal. [;,; is the injection current
flowing through M3 when an injection signal is applied. Iy is the output current, which
is the sum of Iy, and I;;;;. Figure 2b shows the phasor diagram for the three current types.
The phasor rotates clockwise. Point “a” shows that the phase has changed from I, by ¢.
Point “b” shows the phase when the ILFD self-oscillates without an injection signal. The
relational expression of the current vectors is as follows.

Tout = Iso + Iinj- (1)
VDD
L S Injection-locked
V+0ut,w C Voutw «o\’b‘ . signal
H 00\ o 2 :
O e e

Vinj,2w .\Q,(’\ L

_?_ O\ Iout

|0utT Iinj rl- :

Ms :
<L-| |—’ ‘—| 5 P
M M,

@)

| Self-oscillation
signal

(b)

Figure 2. (a) Schematic of the conventional cross-coupled pair ILFD with second-order resonator and (b) phasor diagram

for the basic principle of the conventional ILFD.

Two waves are shown in Figure 2b, one is the self-oscillation signal of the ILFD and
the other is the injection-locked signal. Point “b” of the self-oscillation signal is moved to

"

point “a” by the injection signal. Therefore, the phase at 180° of the injection-locked signal

is point “a” of the self-oscillation signal. Injection is instantaneously performed every half
period, and the range of ¢ can be derived using the following equations.

¢ = Loyt = Z(Iso + Iinj)/ (2)
Vout = ZL ' Iout/ (3)
ZIout = évout - ZZL/ (4)

where V,,; is the output voltage signal when the ILFD is locked, and Zj, represents the
load impedance of the LC resonator. Equation (4) can be derived using the phasor in (3).
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To replace V,,; with the self-oscillation and injection signals, the following equations are
derived as
Vout = Vso + Vinj/ (5)

where V5, is the output voltage signal when the ILFD self-oscillates and V/; is the injection
voltage signal generated from M3. It should be noted that V;,; is different from the input
voltage signal, Vi 2. According to Equations (4) and (5), the ¢ is calculated as

(l) = Z(VSO + Vm]) - AZL (6)

The sign of V;,; is determined based on the value of the locked frequency relative to
the self-oscillation frequency. When the ILFD self-oscillates with no injection signal, (6) is
calculated as follows.

Ply,

inj

-0 = 4Vso_AZL- (7)

Vinj is zero, and Vy, is expressed as the product of Iy, and Z; . Because Z, is canceled
out, the following equation is satisfied:

Pl —0 = Llso- 8)

nj
Meanwhile, ¢y is derived when the following condition is satisfied:
Tout LIi;. )

The largest angle between Is, and I,,; can be realized by considering the phasor as
shown in Figure 2b. This is the condition of (9) where I,;; and liyj are vertical. Using the
trigonometric function,

I
SiN Pmax = :IZ| m]‘ ’ (10)
| Lso
{ |8inj - Vinjl
= tarcsin| ——— |, 11
¢max < |gm K Vso| ( )

where g, and g;,;; represent the transconductance of the cross-coupled pair and injection
switch, respectively.

According to (6), the conditions for extending the locking range of the ILFD can be
determined qualitatively. First, the magnitude of the self-oscillation signal Vi, is decreased
by reducing the sizes of M1 and M, to decrease the transconductance of the cross-coupled
pair. However, when the transconductance of the cross-coupled pair is too small, it can
make failure in the self-oscillation, causing the ILFD to act as a harmonic buffer. Second,
to increase the amplitude of V;;;; generated by M3, the size of M3 can be increased or the
injection signal V,; o, can be amplified. However, the operation frequency may be limited
by large parasitic capacitors. A pre-buffer, which consumes additional power, will be
required to increase the amplitude of Vj; 2, Finally, the phase of the load impedance can
be changed. The phase of Z; can increase or decrease ¢. However, the maximum and
minimum values of the phase, £¢max, limit the range of ¢. Therefore, the phase of Z,
should be close to zero value in the wide frequency range. In conclusion, the maximum
and minimum values of ¢ are determined by (11), and the method of extending the range
of ¢ is consistent with the equation in (6).

The power of the output signal should be greater than that of the input signal. Two
graphs of the load impedance magnitude against the angular frequency are shown in
Figure 3, which presents two cases. The first case is the normal case where the power of the
input signal is significantly smaller than that of the output signal as shown in Figure 3a.
The range from w; to w, is the operation frequency band obtained by dividing by two, and
the range from 2w; to 2w; is the injection frequency band. The operation and injection
frequency bands do not overlap in the normal case because 2w; is larger than wy. Therefore,
the input signal does not exceed the start-up condition and is not amplified more than
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Magnitude

the output signal. The second case is the abnormal case where the power of the input
signal can be larger than that of the output signal, as in Figure 3b. Here, the operation and
injection frequency bands overlap because 2w; is smaller than w,. The injection frequency
band contains the parts that exceed the start-up conditions, which are determined by the
following “Barkhausen formula”.

8m - |ZL| > 1. (12)

Normal Case : wz < 2w, A Abnormal Case : w;, = 2w,

Non-overlap
section

Overlap N Injection signal

Section amplification
Start-up

{
1
1
1
i
Op

eration frequeni‘,y
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1 I 1
: Operation frequency :
1 1
]
]
1
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[] ] ]
! (Output signal) ! (Input signal) ! E [ (Input signal) i
V\Ill V\;z 2\/'\/1 2\;V2 - V\;J_ 2\;V]_ V\'/z 2\;\12
Angular frequency Angular frequency
(a) (b)

Figure 3. Graphs of magnitude of load impedance against angular frequency; (a) normal case, (b) abnormal case.

In the abnormal case, the ILFD cannot be used in mm-Wave applications, because the
input and output signals are amplified together in the frequency band used.

This problem can be solved by increasing the division ratio of the ILFD. However, to
operate at high division ratio, a harmonic signal with a small magnitude should be used,
which results in a narrow locking range of the ILFD [19,20]. Additionally, the injection
mixer for the high division ratio creates larger parasitic capacitance than the injection
switch of the divide-by-two ILFD. Consequently, an ILFD that operates at a high division
ratio greater than two is disadvantageous for application in the mm-Wave band. Therefore,
a divide-by-two ILFD optimized to have a wide locking range without including the
abnormal case would be most suited as a mm-Wave frequency divider. The following
equation is used to calculate the locking range of the ILFD.

Wy — W1

LR =
wy + (w2 —wy)/2

-100 (%). (13)

Under the normal case condition, w, < 2wy, the maximum locking range of the divide-
by-two ILFD can be obtained when wy is equal to 2w,. Therefore, the maximum locking
range is

LRmax|ypy 20, = 66.7%, (14)

where LR is the locking range. If the locking range of the divide-by-two ILFD exceeds
66.7%, the power of the input signal may be greater than that of the output signal. In
conclusion, the locking range of the ILFD should be designed to be less than 66.7%.

3. Circuit Design of Proposed CR-ILFD
3.1. Fourth-Order Resonator and CR Core

As mentioned in the previous section, to extend the locking range of the ILFD, the
phase plot of the load impedance should be flat in the range of ¢ max [8,21]. A fourth-order
resonator with two poles is required to flatten the phase plot. Figure 4a shows a schematic
of the conventional cross-coupled pair-based ILFD with a fourth-order resonator consisting
of a resonator (L1, Cy, Ry, Ly, Ca, Ry), cross-coupled pair (M, My) and injection switch (Ms3).
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The “k” is the coupling factor between L1 and L,. Z; is the load impedance of the resonator,
which is calculated as

(1 —k?*)L1L,Cos® + Lys

Zp = . 15
L (1-— kz)L1L2C1CZS4 + (L1C1 + LzCz)Sz +1 (15)
C.
1L
Y
V+out,w R2 V_out,w
MV

L
_m\_@\_LZ LZ )
° * v+ou(,w C

Vout,w

M,
Vinj2w s .. Replaced
z T 2 K *, PMOS
L ! l'

=
&
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ES
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/
/=
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Y
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(a) (b)

Figure 4. Schematic of (a) conventional cross-coupled pair ILFD with fourth-order resonator and (b) CR core-based ILFD.

Rj and R, are resistors that affect the quality (Q) factor of the resonator and have
been approximated in this calculation. Two poles that make the denominator zero are
represented using the following equation [22],

L1C+ LGy £+ \/(L1C1 + L2C2)2 — 4(1 — kZ)L1L2C1C2
2(1 — k2)L1L,C1Cy '

WR,L = (16)

Assuming that L1 = Ly and C; = Cy,

1
WLR = —F————.
MR JALKLC

According to (17), the distance between the two poles increases as the value of k
increases and the distance between the two poles decreases as the k value decreases. If k is
zero, the pole value is obviously equal to that of the second-order resonator (18). Figure 4b
shows a schematic of the conventional ILFD with the CR core. For the CR core, M5 of the
cross-coupled pair ILFD in Figure 2a is replaced by P-channel metal-oxide semiconductor
(PMOS) [23-27]. The oscillation of the CR core can be divided into two half periods. In the
first half period, the current flows through M; and My, and in the second half period, no
current flows through M; and M,. Unlike the oscillation in the cross-coupled pair core, the
oscillation of the CR core reduces the current by simultaneously turning the MOSFET on
and off [24].

Figure 5 shows the magnitude and phase plots of the second- and fourth-order
resonator-based ILFDs. The schematic of the second-order resonator-based ILFD is shown

(17)
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in Figure 2a. Figure 5a shows the graph of the load impedance magnitude against the input
frequency. The second-order resonator-based ILFD has one pole, wy, that is expressed
as follows.

wo = (18)

5
m.

800
700 4
600 1
500 4
400
300 4
2004 t

Magnitude (Ohms)

100

Start-up
condition
(Z121/gm)

—=a— 2nd order
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e —e— 4th order

[«2]
o
1

N »
o o
1 1 1 1
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2|4'2|8'32'36'
Input Frequency (GHz)

(b)

Figure 5. (a) Simulated magnitude plot and (b) phase plot of second-order resonator-based ILFD and fourth-order resonator-

based ILFD.

If the fourth-order rather than the second-order resonator-based ILFD is applied, the
magnitude plot of the load impedance becomes wider even if the maximum magnitude
value decreases. However, because a new minimum value occurs between the two poles,
it is necessary to simulate whether locking is sufficiently achieved at this value. If the
minimum value between the two poles is less than the start-up condition (12), the ILFD
does not operate in that frequency range. Figure 5b shows the phase plot against the input
frequency. According to (11), the ¢ max limits the locking range of the ILFD. Unlike the
phase of the second-order resonator-based ILFD, that of the fourth-order resonator-based
ILFD has a value approximately equal to zero over a wide frequency range because of the
formation of a ripple. Consequently, the simulated locking range of the ILFD is increased
by 22% from 26-32 GHz (21%) to 22-36 GHz (43%).

3.2. Proposed CR-ILFD

Figure 6 shows a schematic of the proposed CR-ILFD, consisting of a fourth-order
resonator (L1, C1, L, Cp), distributed inductor (L3), injection switch (M3), CR core (M1, My),
center-tap generator (M, Ms), and output buffer. Vj,; pc and Vi 2, are the input signals,
whereas V,,;  is the output signal. The center-tap generator biases the node of the primary
coil, L1 to Ver. If the gy matching of PMOS and NMOS is well adjusted, mathematically,
Ver would be Vpp /2. The DC value of the injection switch can be biased to V¢ without
additional supply, but it was not connected for measurement. The distributed inductor is
employed to extend the locking range of the ILFD. The distributed inductor is also referred
to as the inductor distributed technique [28,29]. The magnitude of the load impedance can
be increased by distributing the primary inductor into two series inductors.
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VDD
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Figure 6. Schematic of the proposed CR-ILFD.

Figure 7a shows the simulated magnitude plot and phase plot of the fourth-order
resonator-based ILFD and the proposed CR-ILFD with the fourth-order resonator with a
distributed inductor. The start-up condition in Figure 7a is determined by the “Barkhausen
formula” in (12). In the case of the fourth-order resonator-based ILFD, an unlocking
part may occur because of the minimum value that is less than the start-up condition.
However, the magnitude of the load impedance is sufficiently increased by using the
inductor distributed technique. Figure 7b shows the slightly increased phase. This is not
a critical amount of change because the phase ripple still exists between the £¢max. The
simulated locking range of the proposed ILFD is from 21.6 to 37.4 GHz, which is limited by
the £¢max in (11).

1000 ; 50 3 -
! —a— 4th order == order
900 : —e— proposed 40 i —e— proposed
8001 : . 30 i |
— | ! ! Distributed inductor |
g 700 4 : : - 20 '»__'*_'_?m__a}fn__ _increases the phase slightly. 'l ______
£ 600 ! ] O 104 !
o Startup | : o i :
[ 500 COna(rjit;g:l : : 8 0 : :
E 400 4 (Z.21/8m) : Increased : % -10 Il ]
= : . SRR
S, 3004 T [ : D 20 ~Prax | '
S o0 l---- ¢ —ppm—len e —————— o ! |
= 2004 SNal 2o -30 - i ]
100 - H t : -40 : Simulated locking range :
| Unlocking part ] ! 21.6 — 37.4 GHz !
0 T ; T T T T T _50 T T T T T T 1 T
16 20 24 28 32 36 40 16 20 24 28 32 36 40
Input Frequency (GHz) Input Frequency (GHz)
(a) (b)

Figure 7. (a) Simulated magnitude plot and (b) phase plot of the fourth-order resonator-based ILFD and proposed CR-ILFD.

Figure 8 shows an equivalent model of the fourth-order resonator using a transformer
with the distributed inductor. Figure 8a shows a model including the parasitic capacitors
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[,

and resistors of the passive components. Zin is the input impedance and “k” is the coupling
factor between Ly and Ly. Cp1, Rp1, Cp2, and Ry represent the parasitic components. In the
mm-Wave band, the analog circuits are affected more by electromagnetism. Therefore, the
modeling of the resonator must be considered at the initial design stage. Because analyzing
every parasitic component is difficult, modeling should be simplified by approximation as
shown in Figure 8b. Cry is the sum of Cp; and C;. Similarly, Cr; is the sum of Cp; and C,.
Additionally, the Q factor of the inductor includes the parasitic resistances. V; and I; are
the test voltage and test current, respectively. V;/I; is equal to Z;, in the simplified model.
The value of Z;;, is calculated as follows.

(1 — k2)L1L2CT253 + Lls

1+ 2L3Cr82). 19
(1 — kz)L1L2CT1CT254 + (L1CT1 + LQCTz)SZ +1 x ( +2batris ) (19)

Zin (S) =

k

Zln

L
1 lc- Iy > I,
) cT1H- it

—~Cr2

LI L
[T ]

r
r
N
P
R
O
N
O
R
\
)

V. L, L,
L3 T
m—

(a) (b)

Figure 8. (a) Modeling of the fourth-order resonator using a transformer with distributed inductor. (a) Modeling of
including the parasitic capacitors and resistors. (b) Approximate modeling applied to simplify calculations.

If the distributed inductor (L3) is zero, then (19) is equal to (15). That is, the distributed
inductor does not directly affect the pole value in (17), and if the distributed inductor value
is increased, the magnitude of Z;,, can be increased.

The design parameters are listed in Table 1. Because the center-tap generator should
not limit the core operation, the width of the center-tap generator should be significantly
larger than that of the CR core. The parasitic capacitor of the center-tap generator is
separated from the resonator and does not affect the operating frequency. The sizes of
the CR core and injection switch are not only determined by (11) and (12), but also by the
influence of the parasitic capacitors.

Table 1. Design parameters of the proposed CR-ILFD.

Design Parameter Value
M;i, My, My, M5 (unit W/L) 2 um/0.06 um
Mj3 (unit W/L) 1 um/0.06 pm
Finger of M1, M3, My 20
Finger of My, M5 50
Ly 230 pH
L, 265 pH
Ls 433 pH
k 0.51
C; 144 fF
G 240 fF

Figure 9 shows a flowchart of the design approach for the proposed CR-ILFD. First,
the equivalent circuit model must be implemented in the simulator. Second, the values
of the design parameters should be determined. In the proposed CR-ILFD, the center
frequency is set to receive an injection signal of 28 GHz. Because the distributed inductor
does not directly affect the pole value, the values of L1, Cy, Ly, C; and k are first determined.
Subsequently, L; is divided into two series inductors, L and L. In this design, L1, Ly, and
L3 are 230, 265, and 433 pH, respectively. C; and C; are 144 and 240 fF, respectively. The
value of k is 0.51. When k < 0.5, which represents a weak coupling, the distance between
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the poles increases, and a wide magnitude plot of the load impedance can be obtained.
However, a coupling that is too weak can cause an unlocking part in which the ILFD does
not work. Considering the locking range and unlocking part, the proposed CR-ILFD is
designed with a coupling factor of 0.51. Finally, the layout and locking simulation are
repeated in the order shown in the flowchart. Electromagnetic simulation is essential in the
mm-Wave band. Therefore, it should be ensured that the difference between the equivalent
modeling and implementation in the simulation of this circuit is reasonable.

Set up the equivalent circuit
model in the simulator.

!

Set up the center frequency.

Optimize the ideal
component value of L,, C,,
L,, C; and k with two pole |«

(Wi, Wr).
At this time, L; is zero.

¥

Distribute and optimize
the L1 and L;.

Is there a unlocking
part in the locking range?

Layout the fourth-order
resonator and simulate the
EM

s the locking range
‘easonable when compared t0
the simulation result of ideal
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Figure 9. Flowchart of the design approach for the proposed CR-ILFD.

4. Measurement Results

Figure 10 shows the die photograph of the proposed CR-ILFD, which was fabricated in
a 65 nm CMOS technology. The die size including the entire pad is 0.75 mm x 0.45 mm and
the chip size including the core and output buffer is 0.49 mm x 0.3 mm. The measurement
setup for the proposed CR-ILFD is shown in Figure 11. The measurements were obtained
using a probe station. The DC voltage was biased from the power supply. The CR core
of the proposed CR-ILFD consumes 2.26 mW from a 1 V supply voltage, when no signal
is applied to the injection switch. As V; pc increases, the power consumption increases.
When Vjy;pc is 0.7 V, the power consumption of the core increases by approximately
0.5 mW. The power consumption of the output buffer is approximately 3 mW. The injection
signal was generated by Anritsu MG3694, which can generate frequencies up to 40 GHz.
The output signal of the proposed CR-ILFD is analyzed by KEYSIGHT N9030B, which
can analyze frequencies up to 50 GHz. When conducting measurements using mm-Wave
signals, several losses occur around the device under test (DUT). Therefore, the calibration
tests must be carried out carefully. In this measurement, the ground-signal-ground (GSG)
probe tip has a loss of approximately 2.5 dB and that of the radio frequency (RF) cable has
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approximately 3 dB. Approximately a 1 dB loss occurs even when the signal generator
output is 10 dBm. The loss of the signal generator was analyzed by connecting the signal
analyzer and RF cable. All losses described above are based on the 28 GHz signal. Generally,
the loss increases as the frequency increases, and decreases as the frequency decreases.

g Fourth ordler lé g —_]

- resonator

:

750 pm

Figure 10. Die photograph of the proposed CR-ILFD.

Power Supply

RF Cable
(TMP40-6FT-KMKM+)

Signal Analyzer

Signal Generator

(50A-GSG-100-LP)

- ]

Anritsu MG3694C Probe Station KEYSIGHT N9030B

(1 Hz - 40 GHz) (2 Hz - 50 GHz)

Figure 11. Measurement setup for the proposed CR-ILFD.

Figure 12a shows the measured locking range of the proposed CR-ILFD with different
Vinj,pc values. The maximum locking range is from 18.8 to 33.8 GHz (57%) at V;; pc of
0.7 V. When the V; pc is biased to 0.6 V, the locking range is from 19.2 to 34.4 GHz (56.7%),
and when the V;; pc is biased to 0.5V, the locking range is reduced from 22.7 to 34.6 GHz
(41.5%). The above ranges were obtained from 0 dBm input power and 1 V supply voltage.
As the V;,j pc decreases, the locking range also tends to decrease. Figure 12b shows a
comparison of the measured and simulated locking range results of the proposed CR-ILFD.
The measured locking range is 57%, and simulated locking range is from 21.6 to 37.4 GHz
(53.6%). When 0 dBm input power is injected to the CR-ILFD, the measured locking range
is typically changed to a lower frequency band than the simulated locking range. The
operating frequency band was lowered by approximately 3 GHz. This is because of various
electromagnetic components, such as RF pads, printed circuit board (PCB), and metal lines
that were not considered in the simulations. The measured maximum operation frequency
is higher when the input power is —3 dBm compared to when the input power is 0 dBm.
This is because of the saturation of the input signal level.
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Figure 12. (a) Measured locking range results of the proposed CR-ILFD with different Viy; pc; (b) measured and simulated

locking range results of the proposed CR-ILFD.

Figure 13a shows the measured maximum and minimum operation frequencies of
the proposed CR-ILFD with different V;,; pc values. This measurement was carried out
with 0 dBm input power and 1 V supply voltage. Vi pc is swept from 0.4 to 1.2 'V, and
the widest locking range is obtained at the Vj,; pc of 0.7 V. When Vinj,Dc increases from
0.7 V, the maximum and minimum operation frequencies decrease, and the locking range
also decreases.

40 60 -60
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Figure 13. (a) Measured maximum and minimum operation frequency of the proposed CR-ILFD with different Vy;; pc;

(b) Measured phase noise of input and output signal.

The measured phase noise of the input and output signal is shown in Figure 13b. The
28 GHz input signal is generated by Anritsu MG3694, which is applied to the proposed
CR-ILFD and the output signal is 14 GHz. The phase noise of the output signal is —109.57
and —129.81 dBc/Hz at 100 kHz and 1 MHz offset frequency, respectively. The phase noise
of the output signal should be measured at 6 dBc/Hz lower than that of the input signal
because the input signal frequency is twice that of the output signal. Figures 14 and 15
show the results of several spectrums of the CR-ILFD’s output signal measured using
the KEYSIGHT N9030B. The spectrum of the output signal when the proposed CR-ILFD
self-oscillates is shown in Figure 14a. The output frequency is 14.08 GHz, and output
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power is —10.45 dBm. If the loss of the RF cable and GSG probe tip is calibrated, the output
power will be approximately —5 dBm. The spectrum of the output signal when the 28 GHz
input signal is injected to the proposed CR-ILFD is shown in Figure 14b. The frequency of
the output signal is 14 GHz, which is exactly half the frequency of the input signal. The
output power is approximately —8 dBm with loss calibration. Figure 15a shows the full
span spectrum when the minimum input frequency, 18.8 GHz, is injected. Three tones are
visible in the spectrum: the output signal (fp), input signal (2fy), and harmonic signal (3f).
As shown in Figure 3, several harmonic components are amplified at output when the
minimum input frequency is injected to the CR-ILFD. Locking is possible even if a lower
input frequency is injected. However, the input signal is amplified such that the power
difference from the output signal is less than 10 dB. When 18.8 GHz is injected, the power
difference between the desired output signal and the harmonic signal is approximately
10 dB. Figure 15b shows the full span spectrum when the maximum frequency input signal
of 33.8 GHz is injected. The power difference between the output and input signals is
more about 20 dB. It can be observed that the amplified input signal is smaller when the
maximum input frequency is injected than when the minimum input frequency is injected.
As a result, harmonic rejection ratio of the input signal over the entire locking range is
more than 10 dBc.

1 Spectrum v Mkr1 14.080 GHz 1 Spectium v Mkr1 14.000 0 GHz
Scale/Div 10 dB Ref Level 0.00 dBm -10.45 dBm Scale/Div 10 dB Ref Level 0.00 dBm -13.68 dBm
Log v Log Y
! 100 1

200

2:0utput signal when the ILFD  signal when the input

w00 self-oscillates - ..._signal of 28 GHz is injected

00 00

00 0

00

(Center 14.03 GHz Video BW 3.0 MHz Span 26.06 GHz Center 14.000 GHz. . Span 17.50 GHz
[Res BW 3.0 MHz Sweep ~47.1 ms (1001 pts) Res BW 3.0 MHz Sweep ~31.7 ms (1001 pts)

(@) (b)

Figure 14. Spectrums of the output signal (a) when the proposed CR-ILFD self-oscillates; (b) when the proposed CR-ILFD
is locked with a 28 GHz injection signal.
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Figure 15. Full span spectrums (a) when the minimum input frequency is injected (18.8 GHz); (b) when the maximum
input frequency is injected (33.8 GHz). The power difference between the output and input signals is approximately 10 dB
or more.

Table 2 summarizes the performance comparison of different core ILFDs. These
include challenging and typical ILFD cores such as Darlington [30], Armstrong [31], Coll-
pits [32], and cross-coupled pair [33-35]. This work has the highest figure of merit (FOM)
compared to other ILFDs presented in Table 2.
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Table 2. Performance comparison of different core ILFDs.

This Work [30] [31] [32] [33] [34] [35]
15’MTT 09MWCL 08'MWCL 14 MWCL 15'APMC 17MWCL
Technolo 65-nm 0.18-um 0.18-um 0.18-um 0.18-um 0.18-um 0.18-um
8y CMOS CMOS CMOS CMOS SiGe BiCMOS CMOS CMOS
Core topology Current reuse Darlington Armstrong Colpitts + Current Complementar}{ NMOS cros.s—coupled NMOS cros.s—coupled
reuse cross-coupled pair pair pair
Self-oscillation 4.77-5.08 5.85-6.17 2.97-4.66
frequency (GHz) 14.08 N/A (w/varactor) (w/varactor) N/A N/A (w/varactor)
Input signal power
(dBm) 0 0 0 0 0 0 0
Division ratio 2 2 2 2 2 2 4
Input frequency 18.8-33.8 20.5-22.9 7.7-115 7.3-14.4 20.1-25.9 10.2-15.5 13-19
range (GHz)
Locking range (%) 57 11 39.6 65.4 25.1 414 37.5%
Supply voltage (V) 1 1.2 1.4 1.5 1.8 1.2 0.8
Power consumption 226 1.73 9.02 7.65 438 271 7.09
of core (mW)
Phase noise —120.53 (5.495 GHz)
(dBc/Hz @1 MHz) —129.81 (14 GHz) —138.3 (N/A) —134.942 (4.9 GHz) —134.8 (6 GHz) —124 (12.5 GHz) @ 100 kHz —133.26 (4 GHz)
FOM; (GHz/mW) 6.64 1.38 0.42 0.93 1.21 1.96 0.85
FOM,; (GHz/mW) 13.28 2.76 0.84 1.86 242 3.92 3.4
Chip size (mm?) 0.75 x 0.45 0.8 x 0.75 0.55 x 0.74 0.46 x 0.52 0.75 x 0.78 0.57 x 0.68 1.01 x 1.18

FOM; = Input frequency range/power consumption [GHz/mW], FOM; = (Input frequency range X division ratio)/power consumption [GHz/mW], *: Total locking range (low band + high band).
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Table 3 summarizes the performance comparison of the mm-Wave ILFDs [36—41].
ILFDs with division ratio greater than two are also included such as four [37,38] and
six [41], but still have the highest FOM; values.

Table 3. Performance comparison of mm-Wave ILFDs.

This Work [36] [37] [38] [39] [40] [41]
15’MWCL 13'TCAS1 11'MTT 17'JSSC 09'ISSCC 20'MWCL
Technology 65-nm 65-nm 65-nm 0.13-um 0.13-pum 0.13-pum 90-nm
CMOS CMOS CMOS CMOS CMOS CMOS CMOS
Self-oscillation
frequency (GHz) 14.08 17.5 N/A 5.9 259 N/A 9.7
Input signal power (dBm) 0 0 0 0 0 0 -5
Division ratio 2 2 4 4 2 2 6
Input frequency range (GHz) 18.8-33.8 31.7-39.3 58.5-72.9 13.5-30.5 35-4441-59.5 35.6-39.3 54.5-60.1
Locking range (%) 57 21.4 21.9 77.3 53* 9.9 9.8
Supply Voltage (V) 1 1 0.6 1.4 1.15 1 N/A
Power consumption of 2.26 25 22 73 38 3.12 56
core (mW)
Phase noise (dBc/Hz -129.81 -102 -126.74 -137.4 -124 -133.7 -140
@1 MHz) (14 GHz) (N/A) (N/A) (6 GHz) (24 GHz) (N/A) (9.7 GHz)
FOM; (GHz/mW) 6.64 3.04 6.54 2.33 6.45 1.19 1
FOM,; (GHz/mW) 13.28 6.08 26.16 9.32 129 2.38 6
Chip size (mm?) 0.75 x 0.45 0.6 x 0.75 0.16 x 0.26 0.52 x 0.64 1x0.9 0.13 x 0.18 ** 0.83 x 0.61

*: Total locking range (low band + high band), **: Only core size.

5. Conclusions

This paper presents the wide locking range and low-power divide-by-two CR-ILFD.
The fourth-order resonator is applied to extend the narrow operating range of the ILFD. In
addition, the CR core decreases the power consumption. The input frequency locking range
is from 18.8 to 33.8 GHz (57%) at an injection power of 0 dBm. The full-span spectrums at
the maximum or minimum frequency are presented. The power difference between the
output and harmonic signals is approximately 10 dB or more over the entire locking range.
The proposed CR-ILFD dissipates 2.26 mW from a 1 V supply voltage and the die size is
0.75mm X 0.45 mm. This CR-ILFD is implemented in a 65 nm CMOS technology.
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