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Abstract—A low-latency, HDL-synthesizable dynamic clock 
frequency controller is presented as a time-efficient alternative 
to full-custom implementations. Frequency division of a fully 
integrated hybrid temperature-compensated LC oscillator 
(TC-LCO) and ring oscillator clock reference avoids PLL 
locking delays to enable low-latency, hazard-free frequency 
selection on an actively running CPU. Fabricated in 0.18µm 
CMOS as part of a low-power SoC microsystem, the circuit 
dissipates 480µW at 1.8V. 

I. INTRODUCTION 
The ability to dynamically scale CPU clock frequency 

and power supply voltage with workload has become an 
important technique for reducing active and standby power 
consumption in nanoscale embedded systems. Dynamic 
frequency scaling (DFS) and dynamic voltage scaling (DVS) 
have been used successfully to reduce power in portable 
embedded applications such as PDAs and cell phones. Re-
cently, even high-performance microprocessors such as 
Intel’s dual-core Montecito have adopted complex dynamic 
voltage and frequency scaling (DVFS) control circuits to 
maintain power and temperature within acceptable limits [1]. 

Many DFS circuits are implemented with a PLL, which 
is used to multiply a low frequency reference signal that is 
typically derived from an external crystal oscillator (XO). 
The PLL prescaler can be changed to generate a new clock 
frequency, however, even relatively fast-locking PLLs incur 
a delay on the order of microseconds to regain lock after the 
prescaler has been changed [2][3]. During this time the sys-
tem clock is typically unusable, which can easily translate 
into thousands of missed CPU cycles. To avoid stopping the 

CPU, dual-PLL DFS architectures such as [4] use one PLL 
to produce a usable system clock while the second PLL’s 
prescaler is changed. After the second PLL has locked onto 
the new frequency, the system clock can be switched. This 
approach is problematic when transitioning from low to high 
frequency to handle sudden, unexpected increases in work-
load as might occur in interrupt-driven embedded systems. 
For real-time applications, the delay to lock the second PLL 
on a higher frequency can result in unacceptable perform-
ance degradation. DFS architectures proposed in [2] and [5] 
avoid this problem by running a single PLL at high fre-
quency and dividing the clock down. Using a frequency 
divider on the output allows for nearly instantaneous fre-
quency switching without incurring the lock penalty associ-
ated with changing the PLL prescaler. However, by main-
taining the PLL at a high frequency and using clock division, 
the PLL dissipates more power than if the prescaler were 
reduced during times of low CPU activity. 

Many software algorithms have been developed to man-
age voltage and frequency scaling policy in processors 
[3][6]-[8]. Such algorithms can be divided into two main 
categories, course and fine grain scaling. Fine grain algo-
rithms are typically more effective in reducing the energy-
delay product because they scale frequency/voltage more 
often to match changes in workload. The main concern when 
deciding whether to scale voltage and frequency is the DVFS 
switching delay. This is basically the transition/switching 
time and typically includes some amount of idle time for the 
processor waiting for PLL relocking. Because of this DVFS 
switching cost, adaptive DVFS action should only be trig-
gered for large workload changes such that the net energy-
delay product improvement is greater than the switching 
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cost. Therefore, for adaptive DVFS control, the choices of 
the triggering condition and the amount of voltage/frequency 
adjustment should be based on the switching cost [6]. Ac-
cording to [7], the minimum quantum of time for scaling 
frequency/voltage must be at least two to three orders of 
magnitude larger than the switching latency. The aim of this 
work is to reduce the switching latency to enable very fine-
grained DFS. 

II. DFS ARCHITECTURE 
Most DFS circuits require full-custom design with care-

ful transistor level simulation to avoid glitches on the clock 
during frequency transition. In this work, we present an 
HDL-synthesizable, low-latency, glitch-free dynamic clock 
frequency controller that switches frequencies without halt-
ing the CPU. Rather than a traditional bottom-up approach 
using a low frequency external XO reference that is multi-
plied by an on-chip PLL, our implementation employs an all-
silicon hybrid TC-LCO to eliminate the need for both the 
PLL and external reference. The TC-LCO produces a high-
accuracy, low-drift, and low-jitter 1GHz reference that is 
frequency divided and squared. A ring oscillator is also pro-
vided for low power standby mode. The proposed DFS cir-
cuit has been integrated on an SoC with a microcontroller 
unit (MCU) and DSP core and fabricated in TSMC’s 0.18µm 
MM/RF CMOS process. This SoC was designed to control 
Wireless Integrated Microsystems (WIMS) as would typi-
cally be found in remote sensor or biomedical applications 
[9]. A previous generation of the WIMS Microsystem is 
described in [10]. 

Fig. 1 shows the novel DFS circuit. A simple flip-flop 
chain divides the monolithic clock reference (2f0) to produce 
eight frequencies ranging from f0=100MHz to f7=781kHz if 
the TC-LCO is enabled and from f0=10MHz to f7=78.1kHz if 
the ring oscillator is enabled. The eight selectable frequen-
cies supply two software controlled 8-to-1 multiplexers that 
provide separate clocks to the MCU and DSP cores. The 
multiplexers’ outputs (fMCU, fDSP) are not hazard-free and 
require parallel chains of synchronizing flip-flops (FF0, FF1) 

to remove glitches and eliminate metastability that might 
occur when switching between frequencies. 2-to-1 multi-
plexers select between the on-chip clocks and an external 
clock, however, these multiplexers cannot be changed dy-
namically. This DFS circuit can easily be expanded to pro-
vide additional, independently selectable clocks if required.  

Glitches on the clock signal can result in logic failure 
through two primary mechanisms. If the glitch is small 
enough that some downstream clocked elements treat the 
glitch as if it were a clock pulse and some do not, this can 
cause a failure. Alternatively, if the glitch occurs too close to 
an adjacent clock edge, this can lead to a timing failure. By 
clocking the synchronization flip-flops with 2f0, the delay 
between consecutive rising (falling) and falling (rising) 
edges on FF0.Q is forced to be greater than or equal to the 
half-period of f0. Assuming the digital logic is designed to 
operate at a maximum frequency f0, this implementation will 
prevent both of the aforementioned glitch-related timing 
errors even in latch-based designs. Fig. 2 shows examples of 
how the circuit suppresses glitches on the fMCU multiplexer 
output during frequency transitions. As the software dynami-
cally switches the clock selection multiplexer between f0, f2, 
and f1, glitches occur on fMCU at the instant of the switch. 
These glitches are restricted to frequency f0 by FF0 and will 
not cause logic malfunction in the MCU core. 

Although only FF0 is required for glitch suppression on 
the selected clock, a metastable value could be latched into 
FF0 if fMCU were sampled while in the process of transition-
ing. This is possible if the output of the clock multiplexer 
violates setup or hold time on FF0. Such timing problems 
can be avoided through careful design and simulation of the 
various timing paths through the DFS circuit. However, in a 
fully synthesized design where there is limited control over 
the synthesized result it can be difficult and time consuming 
to guarantee the necessary timing accuracy to completely 
avoid metastability in FF0.  

As a relatively simple solution to this problem, FF1 was 
added to minimize the probability of metastability on the 
clock output. To approximate the Mean Time Between Fail-
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ures (MTBF) caused by a metastable output from FF1, the 
equations from [12] can be used: 
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From (1) and (2), fclk is the clock frequency currently se-
lected, 2f0 is the synchronization flip flops’ sampling fre-
quency, ta is the flip flop aperture time, τs is the regeneration 
time constant, and n is the number of synchronization flip 
flops. Both ta and τs can be approximated at 200ps for this 
analysis. For the current configuration where n=2 flip-flops, 
the worst case MTBF occurs when fclk=f0=100MHz. At this 
speed, the DFS circuit would be expected to have one me-
tastability failure in 150 years of operation. Adding a third 
flip flop to the synchronization chain would increase the 
MTBF to 2.85x1018 years at the expense of another cycle of 
clock switching latency. 

The proposed DFS circuit is particularly well suited for 
integration with high frequency TC-LCOs because the 2f0 
required for synchronization is already generated when using 
a FF chain to divide the LCO’s high oscillation frequency. 
LCOs must operate at high frequencies to minimize inductor 
area [13]. An additional benefit of dividing a high frequency 
reference clock by N is that the relative period jitter for the 
divided clock is reduced by a factor of N1/2. In contrast, when 
a low-jitter XO reference is multiplied N times using a PLL, 
the relative period jitter is increased by N1/2 [14]. It is worth 
noting that our DFS circuit could operate in the GHz range 
or could be used with a PLL as the clock source, however 
power consumption would increase in order to produce 2f0. 

III. HYBRID CLOCK SYNTHESIZER ARCHITECTURE 
The self-referenced hybrid clock synthesizer, shown in 

Fig. 3, includes a free-running RF LCO, a low power ring 
oscillator, a temperature-compensated bias circuit and an 
arbiter mux [15] for asynchronous glitch-free switching 
between the two oscillators. The synthesizer supports a re-
duced-power standby mode in which the TC-LCO is pow-
ered down while the system operates from the low power, 
low frequency ring oscillator. Although well suited for two 
or three frequencies, the arbiter mux does not scale well as 
the number of input frequencies increases. Also, the arbiter 
mux’s switching speed is limited by the slowest input fre-
quency making it too slow for most DFS applications.  

The RF LCO includes a complimentary cross-coupled 
negative-transconductance sustaining amplifier, a differential 
inductor, and a bank of switched capacitors in parallel with 
the LC tank. The LCO generates a 1GHz reference signal 
that is followed by a frequency divide-by-5 circuit. Fre-

quency deviation due to process variation is corrected by 
trimming the capacitance in the tank using an 8-bit calibra-
tion byte. The measured calibration range is ±10.75%, giving 
an initial calibrated accuracy of ±420ppm at 25°C. The ring 
oscillator has five differential stages and outputs a 20MHz 
signal that can be calibrated via the digital interface to ac-
count for process variation. The LCO dissipates 9.62mW and 
the ring oscillator dissipates 0.82mW at 1.8V. The entire 
clock synthesizer occupies 0.25mm2 of silicon. 

IV. RESULTS 
The DFS circuit from Fig. 1 has been described entirely 

in behavioral Verilog HDL, synthesized with Synopsys De-
sign Compiler, and placed-and-routed using Cadence Silicon 
Ensemble with Artisan standard cells. Fig. 4 shows a die 
micrograph of the WIMS Microsystem, with the DFS unit 
contained within the I/O block. No custom design, layout or 
transistor-level simulation was required to ensure a glitch-
free clock when multiplexing between frequencies. This 
distinguishes our design from other DFS implementations 
proposed to date [2][4][5][16], and makes it ideal for ASIC 
design cycles constrained by time and manpower.  Although 
it does not provide the range of frequency and phase options 
as do spread spectrum clock synthesizers such as the ‘flying 
adder’ [16], our design is much simpler, lower power, fully 
HDL synthesizable, provides ample frequency selections for 
many DFS applications, and is not restricted to ring oscillator 
based VCO/PLL clock architectures as is [16]. 

Figs. 5a and b show oscilloscope traces of the DFS unit 
switching frequencies while the MCU core is actively run-
ning. From the instant that software changes the clock multi-
plexer select line, there is a latency of only n/2f0 + mux delay 
until the new frequency has propagated from the multiplexer 
through the synchronization chain (n=2 flip flops) and is sent 
to the clock tree. In the WIMS Microsystem, when the LCO 
is operating, f0=100MHz so the latency is about 11ns includ-
ing a 1ns multiplexer delay. When using the low power ring 
oscillator, f0=10MHz, so the total latency increases to about 
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101ns. The power dissipated by our DFS unit is a relatively 
constant 480µW at 1.8V and is much lower than the 150mW 
reported by [16]. 

V. CONCLUSION 
This work presents a low latency, HDL synthesizable dy-

namic frequency controller that reduces DFS latency from 
microseconds to nanoseconds. The latency is primarily de-
pendent on the maximum operating frequency, f0, so for 
higher frequency systems, DFS latency will be further re-
duced. By leveraging low-latency DFS circuits such as this, 
DVFS algorithms can employ very fine grained voltage and 
frequency scaling to optimize the energy-delay product. 
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Figure 5. Oscilloscope traces showing low-latency dynamic frequency 
scaling of (a) the TC-LCO clock and (b) the TC-LCO and ring clock. 

Figure 4. Die micrograph of fabricated WIMS Microsystem in TSMC 
0.18µm MM/RF CMOS. 
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