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Abstract: A high-speed programmable frequency divider for a Ka-band phase-locked loop (PLL)-
type frequency synthesizer system is presented and fabricated in 90 nm CMOS technology. It consists
mainly of a divided-by-8/9 dual-modulus prescaler (DMP) and pulse swallow counters. An active-
inductor-based source-coupled logic (SCL) D flip-flop (DFF) and the “OR” gate are used in the DMP
in order to promote its locking range and operation frequency. The measured operation frequency
range of the improved programmable frequency divider covers from 6 to 20 GHz with a low phase
noise of less than —136 dBc/Hz at a 1 MHz offset of output signals, an optimum sensitivity of
—27 dBm at 15 GHz, and a low power consumption of 9.1 mW.

Keywords: frequency divider; dual-modulus prescaler; pulse swallow; phase-locked loop

1. Introduction

Phase-locked loop (PLL)-type frequency synthesizers are widely used to generate
local frequency signals in RF transceivers. Programmable frequency dividers are indispens-
able in PLL-type frequency synthesizers [1-3]. Important specifications, such as a wide
operation frequency range, low phase noise, and low power consumption are significant to
programmable frequency dividers [4-6].

Frequency dividers on the basis of a fixed-modulus divider chain are introduced to
frequency synthesizers to achieve a higher operating frequency and a wider frequency
range. Nevertheless, the frequency divider is not able to work with any different frequency
division ratio because the frequency division ratio is fixed by the PLL system in this
case [7-9]. The programmable frequency dividers on the foundation of a chain of n divide-
by-2/3 cells are the additional methods utilized to obtain a higher operating frequency
and a wider operation frequency range. However, division ratios lower than 2" cannot be
obtained in this topology [10]. Furthermore, higher power consumption will be consumed
in the divide-by-2/3-cells-based programmable frequency divider when the current-mode
logic (CML)-based latches are employed in the D flip-flop (DFF) of divide-by-2/3 cells [11].
Hence, a suitable, programmable frequency divider based on a dual-modulus prescaler
(DMP) and pulse swallow (PS) counters with a higher operating frequency and a wider
operation frequency range seems particularly advantageous [12,13].

This paper presents an improved programmable frequency divider for a Ka-band PLL-
type frequency synthesizer in a 90 nm CMOS process. An active-inductor-based source-
coupled logic (SCL) DFF topology is used in the synchronous divided-by-4/5 circuit of the
programmable frequency divider to promote its locking range and operation frequency.
Experimental results demonstrate expected properties of proposed circuits. Compared to
conventional frequency dividers with a fixed frequency division and the other high-speed
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JSrer=24MHz or 32MHz up

frequency divider with higher power consumption, the improved programmable frequency
divider shows features such as a higher operating frequency, a wider operation frequency
range, a more variable frequency division ratio, and lower power consumption. The key
circuit techniques are discussed in Section 2. The experimental results are exhibited and
summarized in Section 3. At last, some conclusions are given in Section 4.

2. Circuit Design

The architecture of the Ka-band PLL-type frequency synthesizer system containing
the programmable frequency dividers based on pulse swallow counter topology is shown
in Figure 1, where the programmable frequency dividers consist of a divide-by-N/N + 1
DMP and pulse swallow (PS) counters made up of a pulse counter of counter-P and a
swallow counter of counter-S. Some active-inductor-based SCL DFF topologies are used
in the synchronous divided-by-4/5 circuit of the DMP to promote the locking range and
operation frequency.
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Figure 1. Block diagram of the Ka-band PLL and the improved programmable frequency divider.

As denoted in Figure 2, the values of P and S are set to counter-P and counter-S,
respectively, when they begin to count. The DMP divides the high frequency input signal
by N + 1 until counter-S counts up to S. At this point, it switches over and starts to divide-by
N until counter-P counts up to P. Then, two counters will be reset and the DMP will switch
back to divide by N + 1 simultaneously [14,15]. The total division ratio of the downscaling
circuit is:

M=(N+1)S+ NP —-S)=NP+5, (1)
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Figure 2. Working principle illustration for the frequency division ratio of the improved pro-
grammable frequency divider.

Figure 1 shows that the frequency range of the output signal of the VCO is from 25 GHz
to 33 GHz, and therefore that of the injection-locked frequency divider (ILFD) is from 12.5
to 16.5 GHz in the Ka-band PLL. As the circuit of the following stage of the ILFD, the
operation frequency range of the programmable frequency divider in the Ka-band PLL
should cover the frequency range of the ILFD’s output signal [2,9]. Because there are
two optional reference frequency sources of 24 MHz and 32 MHz for the Ka-band PLL,
the corresponding variation ranges of the frequency division ratio, M, of the proposed
programmable frequency divider are 250-688 and 390-516, respectively. Considering the
versatility and portability of the proposed circuit, the improved programmable frequency
divider achieves a frequency range from 6 to 20 GHz. Consequently, the value of n is 8, the
numerical variation range of M is 250700, the numerical variation range of P is 30-87, and
the numerical variation range of S is 0-7.

2.1. Dual-Modulus Prescaler

As revealed in Figure 1, the divide-by-8/9 DMP consists mainly of a synchronous
divided-by-4/5 circuit and an asynchronous divided-by-2 circuit.

Since the synchronous divided-by-4/5 circuit works at the highest frequency in
the divide-by-8/9 DMP, it should have features such as a wider operation frequency
range, higher speed, lower consumption, and lower phase noise [16]. To promote the
locking range and operation frequency, some techniques are adopted to optimize the
circuit’s performance.

As revealed in Figure 3, the active inductors realized by transistors M1-M4 and
M11-M14 are merged to extend the bandwidth of the latch in the source-coupled logic
(SCL) DFFs and then increase the operation frequency of the synchronous divided-by-4/5
circuit. As shown in Figure 4, OR gates are also integrated into DFFs to restrain additional
gate delays.

v
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Figure 3. Schematic of the modified DFF based on active inductors.
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Figure 4. Schematic of the modified DFF based on active inductors integrated with “OR” logic.
The active inductor’s impedance can be expressed as [17]:
Z~Rs+Lss=1/gm + (Cgs'R/gm) - 3, 2)

where R means the controllable resistor realized by transistors M1 (M11) and M4 (M14); gm
represents the transconductance parasitic gate—source capacitance of transistors M2 (M12)
and M3 (M13); and Cgs denotes the parasitic gate-source capacitance of these transistors.
The active inductor can be regarded as an inductor, Ls, in series with a resistor, Rs. The
inductance of the active inductor can eliminate the effects of the M2 (M12) and M3 (M13)
transistors’ parasitic gate-source capacitances. Therefore, the operating frequency and
bandwidth of the latches will be promoted.

A reasonable value of L; is also related to the involved bias voltage. As exhibited in
Figures 3 and 4, constant-gm bias circuits are used in the DFFs mentioned above to generate
bias voltage. In contrast to the bias voltage based on a network of resistors, constant-gm
bias circuits are able to provide more stable output voltages [18,19].

It is shown in Figure 5 that the asynchronous divided-by-2 circuit in the DMP is im-
plemented with true single-phase-clocked (TSPC) DFFs to achieve higher input sensitivity
and lower power consumption.

VDD
CLK CLK
i "
0
D
CLKI CLK

Figure 5. Schematic diagram of a TSPC DFF (DFF1) for an asynchronous divider.

Figure 6 shows the simulated input sensitivity curves of the proposed programmable
frequency divider and its counterpart without active-inductor-based SCL DFFs. Obviously,
the proposed programmable frequency divider has a larger operation frequency range
and a better input sensitivity character than the counterpart without active inductors. The
active-inductor-based SCL DFFs promote the locking range and operation frequency of the
programmable frequency divider effectively.
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Figure 6. Simulated input sensitivity curves with and without active-inductor-based SCL DFFs.

Figure 7 exhibits a comparison of simulated time delay between the asynchronous
divide-by-2 circuit based on the TSPC DFF shown in Figure 5 and its counterpart based on
a conventional transmission gate DFF. As presented in Figure 7, the TSPC-DFF-based asyn-
chronous divider is more suitable for the improved programmable frequency divider since
the TSPC-DFF-based asynchronous divider has a smaller time delay than the conventional
transmission-gate-DFF-based asynchronous divider.
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Figure 7. Simulated time delay of asynchronous divide-by-2 circuits based on different kinds of DFFs.
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2.2. Pulse Swallow Counters

The block diagram of the PS counters is presented in Figure 8a. The working principle
of the swallow counter is roughly the same as that of the pulse counter. Either of the two
subtractor-based counters will reset and restart counting again if they reduce to 0 [20].
Transistor-level implementation of the TSPC DEFFs in the PS counters is illustrated in
Figure 8b,c. Some logic gates are embedded into the TSPC DFFs to make them adapt to a
higher operation frequency.

1 I
1 I
| N |
' OUT ) D_IN L |
i l— DDFFIQ i
i arer Pulse counter i
1 I
1 I
: ¢ DFF2 » e DFF2 » ¢ DFF2 » 2 DFF2 L 2 DFF2 L N DFF2 4! CLK }
1 0B CLK 128 Lk 28 cLk 0B CLK 0B CLK 08 CLK |
i ’— LD DATA [— LD DATA ’— LD DATA [ LD DATA LD DATA ’/" LD DATA i
| ] A o |
i D9 D8 D7 D6 D5 D4 D3 i
oo e e e e e -F----- '
| i
: a
i D MCIN_| 0 |, MC, i
I DFF1
} —p CLk 0B :
i i
| i
i : gﬂm:n D gkl)lfl-‘j b gnm“ D i
} CLKs CLK: CLKS H
| LD LD LD H
I sP DATA — sp DATA |+  sp DATA[M] :
i ‘F Swallow counter |
3 | ' :
I 1
! D2 D1 DO H
L !
(a)
Voo Voo
T 1
LD DTB | LDB SP SPB | LDB
LD SP
—r e [ e e I S e
LD CLK LDB SpP CLK SPB
-
ot — L I | o—r—] il | s [
CLK LD LD CLK LD LD
— L. L | I e | R B | —a—] —] | | I
D CLK TB D CLK TB
[>o=e

e T N e 1 R !
LD LDB LDB y ¢ sP SPB SPB ] 0
DATA~ DTB b e

CLK ; > Ios K 1

(b) (0)

Figure 8. Diagrams: (a) block diagram of the PS counters; (b) schematic diagram of DFF2 in counter-P; and (c) schematic
diagram of DFF3 in counter-S.

3. Experimental Results

The improved programmable frequency divider was fabricated in 90 nm CMOS
technology with a 1.2 V power supply, with a die area of 0.165 mm? including the pads.
The microphotograph of the programmable frequency divider chip is shown in Figure 9.
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Figure 9. Chip microphotograph of the programmable frequency divider.

Figure 10a demonstrates the measured, improved programmable frequency divider’s
output waveform of 18.52 MHz with an input signal of 12 GHz when the total frequency
division ratio is set as 648. The measured output voltage swing (Vpi.pk) on an external 50 (2
load is about 450 mV. Meanwhile, Figure 10b shows the measured, improved programmable
frequency divider’s output waveform of 32.32 MHz with an input signal of 19 GHz when
the total frequency division ratio is set as 588. The measured output Vpy_py on an external
50 Q) load is about 380 mV. It can be seen from the experimental results exhibited in
Figure 10 that the operation frequency range of the improved programmable frequency
divider covers the frequency range of the output signal of the ILFD in the Ka-band PLL.
Figure 11 reveals the measured phase noises at a 1 MHz offset of output signals of the
programmable frequency divider at different input signals and division rates kept at a low
level of less than —136 dBc/Hz. Figure 12 indicates that the measured input sensitivity of
the programmable frequency divider is very high, given that the minimum input power is
only —27 dBm at 15 GHz.

X-axis: 40ns/div X-axis: 20ns/div

Y-axis: 100mV/div Y-axis: 100mV/div

(a) (b)

Figure 10. Measured output waveforms of the improved programmable frequency divider: (a) fin = 12 GHz, n = 648;

(b) fin = 19 GHz, n = 588.
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Figure 11. Measured phase noise of the improved programmable integer divider’s output signal: (a) fin = 6.2 GHz, n = 656,
and fout = 9.452 MHz; (b) fin = 11.3 GHz, n = 608, and fout = 18.597 MHz; and (¢) fin = 19 GHz, nn = 588, and f oyt = 32.32 MHz.
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Figure 12. Measured simulated input sensitivity curves of the programmable frequency divider.

The experimental results above verify the active-inductor-based SCL DFFs can pro-
mote the operation frequency range of the programmable frequency divider effectively.
Table 1 compares the performance of the improved programmable frequency divider
to some other prior published scientific papers. It can be seen that the improved pro-
grammable frequency divider attains a wider operation frequency range with lower power
consumption and lower phase noise.
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Table 1. Performance summary and comparison to other works.

Ref. Tech Supply (V) Power (lz:x;patlon Opel?::gé l(:ée&:f "Y' Division Ratio PI:;;ec/l;I{(;l)se
—102.16@100 kHz
[7] 65 nm CMOS 1.2 - 57-64 32 _138.48@1 MHz
[15] 0.13 um CMOS 1.2 13.8 2.1-6 32-127 —100.98@1 kHz
[21] 65 nm CMOS 0.94 39.8 2-19 16-31 —118.8@10 kHz
[22] 0.13 pm SiGe 2.5 250 1-10 32-127 —135.51@10 kHz
[23] 90 nm CMOS 1.2 10.8 13.2-18.4 4 —124@100 kHz
[24] 0.18 um CMOS 1.8 34 1-2.3 1-256 —140@1 MHz
[25] 65 nm CMOS 1 1 3.1-10.6 24-80 —141@1 MHz
—118.19@10 kHz
This work 90 nm CMOS 1.2 9.1 6-20 380-700 —125@100 kHz

—138.48@1 MHz

4. Conclusions

An improved programmable frequency divider is fabricated in a 90 nm CMOS tech-
nology. An active-inductor-based SCL DFF topology is introduced to the synchronous
divided-by-4/5 circuit of the programmable frequency divider to promote the operation
frequency range and operation frequency. The chip area of the programmable frequency
divider is 0.165 mm?. The operation frequency range of the improved programmable
frequency divider covers from 6 to 20 GHz with a low power consumption of 9.1 mW.
All the phase noises at a 1 MHz offset of output signals of the programmable frequency
divider at different input signals and division rates were kept at a low level of less than
—136 dBc/Hz. The input sensitivity of the programmable frequency divider is as low as
—27 dBm at 15 GHz. Experimental results demonstrate that the improved programmable
frequency divider is suitable for Ka-band PLL applications in an RF receiver system.
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