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Abstract
A simple variable-length ring oscillator (VLRO) in which a selectable 
number of inverters is shunted using bypass transistors is introduced. 
A range of frequencies can be selected by activating or de-
activating the bypass circuitry. LTspice simulations demonstrating 
the performance are presented. BSIM4 transistor models using 50 
nm gate lengths are used in the design of the inverters and bypass 
transistors. The fundamental frequency generated by each VLRO is 
determined via Fourier transforms of the output square wave. The 
data show that the VLRO can effectively generate a wide range 
of frequencies in a large number of steps based on the selection 
of bypass transistors that are activated. The prototypical circuit 
presented here uses 45 CMOS inverters to generate a range of 
frequencies between about 0.56 GHz and 1.4 GHz. Four different 
VLROs that demonstrate the ability to synthesize frequencies based 
on external inputs are presented. Based on the chosen VLRO 
design, anywhere from 6 to 16 unique frequencies can be selected 
over the frequency range.
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Introduction
With the growth of mobile technology, there is a strong effort 

to find digital replacements for formerly analog circuits. Modern 
wireless communications, data processing systems, and mobile 
phones require frequency synthesizers that can be easily integrated 
with CMOS designs [1-18]. Radio frequency (RF) generators are 
traditionally analog, but there is a push to develop digital alternatives 
[19]. In addition, reduced supply voltages and a move to CMOS 
integration has created difficulties for traditional analog RF designs 
such as charge pumps [20-22]. 

Previous work on frequency generators falls into three categories 
[3,19] viz., phase-locked loops (PLL) [8,10,15,23], fractional frequency 
synthesizers (FFS), and direct digital frequency synthesizers (DDFS) 
[12,13,24]. Frequency generators involving the use of PLL have been 
created using inductors, capacitors, and resistors [7,16,25]. Other 
PLL use a large number of transistors to implement accumulators 
[15], loop filters [15,23,26], and multiplexers [26]. DDFS are more 
space- and cost-efficient than their RF predecessors [2,5,6,11,16,25]. 
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In addition, DDFS systems have less noise than PLLs [11]. Other 
DDFS designs incorporate the use of a large number of transistors 
for accumulators [3,11,27], multiplexers [1,3,5,11] registers [3,11, 27], 
and other CMOS logic gates [1,2,3,5,11,14,27]. 

Ring oscillators (RO) are often used as building blocks in DDFS 
circuits because they are compact and easily integrated with CMOS 
technology [4,6,28]. There has been a significant amount of research 
done on ring oscillators, as they are useful for the evaluation of new 
devices, in high-clock-frequency microprocessors, and for clock-
frequency synthesis [23,29]. In this paper we present a novel DDFS 
in the form of a variable-length ring oscillator (VLRO) as a candidate 
for dynamic frequency scaling (DFS). VLRO is a class of ROs in which 
the frequency is adjusted by changing the number of active inverters 
[1,4,5]. Our novel VLRO is simple, compact, and has the ability to 
generate a wide range of frequencies using CMOS devices without 
the use of passive components, multiplexers, or other complex digital 
logic circuits. Instead, we create a VLRO by adding bypass transistors 
to a simple RO that selectively excise the participation of some number 
of inverters, effectively changing the VLRO length and, therefore, its 
oscillation frequency. 

We present simulations that demonstrate the operation of a 
prototypical VLRO including its range of frequency selectivity and 
available number of discrete frequencies based on the number of active 
RO stages (inverters). We refer to an RO with no bypass circuitry as an 
“intrinsic” RO. The length of the VLRO, in total number of inverters, 
is its “base” length, NB, and the number of functioning inverters, with 
some bypassed, is its “active length,” NA. 

We describe here a prototypical VLRO of NB=45 using 50-nm 
gate lengths that oscillates with a range of frequencies from about 
0.56 GHz to 1.4 GHz, or a frequency ratio of 2.5, in 16 steps. A 
previously reported design [2] can provide a slightly larger frequency 
range (0.30 – 1.4 GHz), but does so at the cost of significantly more-
complex circuitry. That design, which uses pass-gates as variable 
resistances for added delays, has a larger frequency ratio of 4.667, but 
only allows for selection between 11 frequency steps. In addition, the 
waveforms produced by the design are inherently trapezoidal due to 
the increased rise time added by the resistance, and must be converted 
back to a square wave to be useful. Another DDFS design [5] also has a 
large frequency ratio of 13, but the frequencies generated are between 
0.001 and 0.013 GHz, which is significantly lower than the frequencies 
generated by our design, and also uses considerably more-complex 
circuitry. The RO design of [1] is similar to ours in frequency range 
and ratio, but allows only for switching between three frequencies, 
and also is more complex. The ROs of [14] are closer in simplicity to 
our design, but have smaller frequency ranges and frequency ratios 
of only 1.3. In addition, those RO designs provide only 7 frequency 
steps, which is significantly fewer than the 16 steps demonstrated 
by our prototypical design, which in fact could be much larger. The 
design of [2] incorporates transmission gates to adjust the speed of the 
ring oscillator. However, the transmission gates were used as tunable 
resistors, which introduced an analog component into the circuit. 
The usage of bypass transistors avoids this analog tuning, and allows 
for the frequencies to remain digitally controlled. In this paper, we 
present a VLRO DDFS that has the ability to synthesize relatively high 
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frequencies over a wide range without compromising the number of 
selection steps or circuit simplicity.

VLRO Circuit Description
Our DFS scheme is based on circuitry that enables the bypassing 

of a preselected number of inverters in an RO in order to synthesize 
a wide range of frequencies in a large number of steps. The bypass 
circuitry comprises only two transistors that include one NMOS 
transistor in parallel, and one PMOS transistor in series, with the 
selected inverters to be omitted from the overall base RO length. 
Figure 1 shows a segment of a VLRO in which a frequency-select bit 
(FSB) selectively includes or omits an even number of inverters (by 
way of example six inverters is shown) from the total VLRO length, 
for a change in total period of the VLRO equal to approximately that 
of six inverter delays.

When the control bit is low, the NMOS transistor is off and the 
PMOS transistor is on. This action selectively routes the signal path 
through the block of inverters and the PMOS transistor, retaining the 
delay of the block of inverters in the total VLRO period. When the 
control bit is high, the activity of the bypass transistors is reversed, 
and the signal flows around the block of inverters, thus decreasing the 
total VLRO period. The FSB shown is one of many that can be used to 
address multiple bypass blocks, and would be the output of a separate 
frequency-select circuit that is not discussed in this paper.

We use LTspice [30] for simulations, and start with, by way of 
example, a standard RO of base length NB=45 inverter stages in order 
to demonstrate a moderately sized circuit given the limitations of 
simulation times. Larger circuits having many more stages are feasible 
in practice, but a VLRO of 45 inverters was chosen for practical 
simulation purposes. We chose the BSIM4 transistor model [31] at 
1.5 V for NMOS and PMOS transistors having 50-nm gate length and 
0.5 µm and 1.0 µm widths for the NMOS and PMOS, respectively. 
Bypass transistors were sized to match the widths and lengths of the 
PMOS/NMOS transistors that comprise the inverters. The frequency 
generated by the VLRO's was measured for bypass transistors having 
different widths. Matching transistor sizes allowed for the generation 
of higher frequencies. The simulated voltage transfer function (VTC) 
for the inverter is shown in Figure 2. 

We define m to be the number of bypass blocks in a VLRO and n 
to be the number of inverters bypassed in each block. Figure 3 shows a 
full VLRO with m=5 bypass blocks, each one bypassing n=6 inverters, 
which we also refer to as “skip 6” or “S6”, for a total number of active 
inverters, NA, ranging from the circuit having NB=45 inverters to 
NA=NB – m*n=15 in 5 steps of n=6. This VLRO, therefore, has an 
associated six different oscillation frequencies, including the base 
frequency; the possible values of NA for this example are 45, 39, 33, 27, 
21 and 15. The fifteen inverters without bypass circuitry, called “fixed 

inverters,” are distributed as five blocks of three placed between the 
five bypass blocks. To first order, the placement of the fixed inverters 
does not affect the overall performance, but in an actual circuit may 
have a small effect, which is not investigated in this paper. Also, the 
FSBs are represented as power supplies with values of 0 V or 1.5 V. It 
is assumed that appropriate logic can be added that will select various 
combinations of n-length bypass blocks for frequency selection.

Simulations were performed on the circuit of Figure 3 as well as 
variations for n=6, 4 and 2, called S6 (skip 6), S4, and S2, with fixed 
inverters interspersed approximately equally amongst the bypass 
blocks. For each simulation, some number of bypass blocks were 
selectively excised or included, ranging from 0 to 5 for S6, from 0 to 7 
for S4, and 0 to 15 for S2.

An important variation comprises four different n lengths within 
one VLRO. In this “variable-skip” VLRO, VS-VLRO, there are four 
bypass blocks, each of which skips a different number of n inverters 
(S2, S4, S8 and S16) that can be combined to allow any even number 
between 0 and 30. This VS-VLRO structure allows for the selection 
of a larger number of frequencies, the same as that of the S2 ring 
oscillator, but requires fewer FSBs and associated circuitry. Unlike 
the S2 VLRO, which has 15 bypass blocks, the prototype VS-VLRO 
has only four bypass blocks, yet achieves the same number, viz., 16, 

Figure 1: Skip-six inverter bypass block.

Figure 2: Transfer function of inverters used in the VLRO.

Figure 3: Full S6 VLRO including five bypass blocks of n = 6, and 15 fixed 
inverters in blocks of three.
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of different frequencies. Compared with fixed skip lengths, the VS-
VLRO, therefore, offers the benefit of the same frequency range for 
a given NB, but uses fewer bypass blocks and associated number of 
FSBs while achieving a larger number of discrete frequencies.

Simulation Results
LTspice was chosen to design and simulate our circuit behavior 

for its wide selection of predefined components. The BSIM4 
transistor model is used in the design of all of our VLROs. Building 
real circuits is beyond the scope of this work, which is intended only 
to demonstrate the basic operation and utility of the VLRO and VS-
VLRO architectures. 

To analyze the VLRO design, the program’s display and fast 
Fourier transform (FFT) functions were used to determine the 
frequency output of each circuit. The output node remains the same 
for all simulation runs, and is located after the first block of bypassed 
inverters. The oscillation frequency was taken as the fundamental 
frequency of the FFT, which was more precisely identified compared 
with using the waveform in the time domain. Figure 4 shows the 
lowest few harmonics of the FFT from which the frequency was 
determined for NB=45.

First, the frequencies of intrinsic (i.e., having no bypass blocks) 
ring oscillators were measured to demonstrate the behavior without 
the addition of any bypass circuitry. Six intrinsic ROs were simulated 
with NI=45, 39, 33, 27, 21, and 15. Due to the absence of bypass 
transistors, and their associated resistances, in these intrinsic ring 
oscillators, the frequency for each intrinsic RO is higher than that of its 
VLRO counterpart. Figure 5 shows the output waveform of intrinsic 
ROs of lengths 45, 27, and 15. The figure shows the decreasing period 
of the waveform as the number of inverters decreases. 

By turning on/off various bypass transistors using the FSBs, 
various VLRO lengths NA were selected, and simulations were 
performed for each length. The VLRO was adjusted between 45 and 
15 inverters, at different intervals depending on the total number of 
inverters being skipped in each design. For the S6 VLRO, frequencies 
were determined at active lengths of 45, 39, 33, 27, 21 and 15 inverter 
stages. S4 and S2 lengths were simulated every 4 and 2 inverters, 
respectively. 

The data shown in Fig. 6 demonstrate that the frequency and time 
delay of the VLRO can be adjusted significantly based on the addition 

or removal of bypass blocks. However, due to the added channel 
resistance of the bypass transistors, and the associated additional RC 
delay, the frequencies generated by the VLRO are lower than those of 
the intrinsic ROs for each corresponding length. Figure 6 illustrates 
the difference in frequencies generated between the S6 VLRO and its 
corresponding intrinsic RO.

Figure 7 shows an output waveform of an S6 circuit that switches 
to a higher frequency based on a change in active stages from 45 to 15. 
At 100 nanoseconds, the FSBs are changed from low to high, causing 
five inverter blocks that are six inverters long to be bypassed, and the 
period of the waveform decreases from 1.8 ns to 0.73 ns (0.56 GHz to 
1.46 GHz, respectively).

The S6 VLRO experiences a linear change in period as a function 
of the number of active stages. The constant offset between periods 
of the intrinsic ROs and VLROs is due to the fact that the bypass 
transistors contribute a constant delay to each stage regardless of 
whether that stage is on or off. One of the bypass transistors, either 
NMOS or PMOS, will always be on and contribute a resistance to the 
signal path, decreasing the overall switching speed. Each transistor 
adds resistance to the signal path, which increases the delay, τ , by 
an amount τ=RC, where R is the channel resistance of the bypass 
transistor and C is the capacitance looking into the input gates of an 
inverter stage. 

To further demonstrate the impact of the bypass blocks, S4 and S2 
VLROs were created that bypass four and two inverters, respectively. 
This allows the NB=45 VLRO to generate a larger number of discrete 
frequencies at the cost of a larger number of FSBs and greater 

Figure 4: FFT of the output waveform for NB = 45. The oscillation frequency is 
found from the first harmonic component.

Figure 5: Output waveform of intrinsic ROs of length NI = 45, 27, and 15.

Figure 6: Oscillation frequencies of the S6 VLRO and their corresponding 
intrinsic ROs.
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additional delay, as compared with the S6 VLRO. Figure 8 compares 
the output frequencies for the intrinsic, S2, S4, S6 and VS-VLRO 
designs. The data show that by reducing the number of inverters 
in each bypass block while increasing the number of FSBs, a larger 
number of discrete frequencies can be generated from the VLRO. 
More bypass transistors are needed to accommodate the additional 
bypass blocks, which increases the RC delay and results in a decrease 
in the overall speed of the VLRO. The S2 VLRO has the highest delay, 
and therefore runs slower than the S4 and S6 VLROs. The different 
VLROs have possible applications that may depend on the users’ 
specifications and needs; for example, the S2 VLRO might be used 
in designs that require a greater number of frequencies at lower 
speeds, while the S4 and S6 VLROs might be useful in applications 
that require higher clock frequencies, but not necessarily the same 
amount of flexibility in frequency selection. 

The VS-VLRO has bypass blocks of four different values of n 
(inverters in a block), and allows for the same number of frequency 
selections as the S2, but with fewer FSBs and without as much 
additional time delay. This results in a VLRO with the frequency 
selection flexibility of the S2 and speeds greater than that of the S6 
VLRO. Since the VS-VLRO has only four bypass blocks, there are 
fewer bypass transistors in the circuit, and thus, less additional delay. 
The frequency outputs for all possible values of NA for the VS-VLRO 
are compared with the intrinsic, S6, S4, and S2 frequencies in Figure 8. 

Summary and Conclusions
In this paper, we demonstrate a novel variable-length ring 

oscillator topology for generating a range of oscillation frequencies 
with high selectability. In our prototype circuits, we use bypass 
transistors in combination with inverter blocks to synthesize 
frequencies between about 0.56 GHz and 1.4 GHz. Our variable-
skip topology offers additional flexibility and extended selectivity of 
available frequencies. Our results demonstrate that the design can 
successfully switch between frequencies based on changes to control 
bits. The results were obtained using LTspice’s circuit simulation 
toolbox, using the BSIM4 transistor model. The proposed VLROs 
can be used for highly-selectable, easily-integrated, and size-efficient 
clock frequency generation.

Physical-circuit results will differ based on the chosen transistor 
technology and physical layout of the VLRO. The addition of models 
for on-chip interconnects would likely result in different performance 
of the overall circuit operation. We would anticipate faster operation 
for shorter gate lengths, but some additional delays due to the inclusion 

of interconnect resistance and capacitance. We used an intrinsic RO 
length of 45 inverters for simulations due to practical limitations of 
required simulation times. A larger number of inverters and bypass 
blocks will yield a wider range of output frequencies. Conversely, the 
number of inverters and bypass blocks can be decreased to generate 
a smaller range of output frequencies at higher speeds. Higher VLRO 
speeds may also be achieved via the implementation of smaller and 
faster NMOS/PMOS transistors compared with those used in our 
simulations. Although the actual range of frequencies will depend 
on the particular technology chosen for implementation, we expect 
that the relationships between the oscillation frequencies will be 
consistent with the results presented here. 
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