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Abstract: This paper presents the integration of theory and practice in the course "Radio Frequency
Integrated Circuits,” emphasizing the importance of both theoretical knowledge and practical software
applications. The simulation practices of RF circuits are highlighted as a means to deepen students’
understanding of theoretical concepts. The exploration of teaching methodologies utilizing Cadence and
EMX simulation software aims to enhance student engagement and enthusiasm for learning. By focusing
on the voltage-controlled oscillator module, the study models the entire circuit design and simulation
process, enabling students to acquire a comprehensive understanding of RF system simulation design.
This approach not only lays a solid foundation for future studies but also seeks to improve students’
capabilities in integrating theory with practice. Ultimately, the research aims to promote a significant
enhancement in the quality of education in "RF Integrated Circuits".
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1. Introduction

Integrated circuits, as an emerging modern discipline, are characterized by strong specialization,
rapid development, extensive coverage, and significant interdisciplinary integration. The advancement
of integrated circuits has driven the development of intelligence, digitalization, and industrialization in
China 21, Radio frequency (RF) and microwave integrated circuits, as essential parts of integrated
circuits, play a vital role in fields such as wireless communication, radar, and the Internet of Things
(IoT), serving as a backbone for the development of the information industry in China. The 14th Five-
Year Plan proposed by China government is accelerating the steady growth of innovative technology
especially featuring the integrated circuit industry. The challenges yet to overcome emphasize the
importance of core technology research and breakthroughs in key issues. It calls for the continuous
deepening of reforms in the information and communication sector and increased investment in research
and development in critical areas, such as silicon optical communication, millimeter-wave technology,
and 3d integration. The fabulous vison is to propel the conversion of research outcomes into affordable
chips, devices, and systems, ensuring that technology truly serves the people >4,

Currently, the "Radio Frequency (RF) Integrated Circuits" course offered by universities nationwide
primarily covers fundamental concepts of RF design, key design points of basic circuit modules, and
practical components based on simulation software. Therein, the practical aspects of utilizing simulation
software mainly involve the use of Cadence and other simulation tools to model specific modules of RF
circuits, such as power amplifiers, mixers, and low-noise amplifiers, as well as to verify parameters
through simulation. This approach enables students to master software usage while understanding the
design processes of specific RF circuit modules and becoming familiar with common techniques and
design methods for implementing RF integrated circuits. Due to the constraints of course duration and
the assessment of design complexity, a complete RF transceiver system design is often too time-
consuming and challenging for students to achieve the full systematic functionality within the allotted
course time. Therefore, this course focuses on modeling and simulating the voltage-controlled oscillator
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(VCO) module to enhance students' understanding of the design specifications and circuit structures of
VCOs while mastering the use of commonly employed software. This aims to cultivate students'
capabilities in RF integrated circuit design. The ultimate value of research work of universities is to get
monetized at industries with no doubt. Another point that cannot be neglected is to cultivate students
with cutting edge knowledge instead of the basic or even nearly obsolete circuits examples available in
most of the current textbooks. We thereby handpicked a VCO circuit from the recent reports of our lab
[5-7], to teach and train the students’ capability of design and troubleshooting. This bold tentative is
expected to strengthen their innovation ideology and cultivate enthusiasm of learning and investigating
unknown realms.

2. Principle of simulated-based experiment

The primary purpose of a radio frequency (RF) transceiver is to transmit and receive information.
As illustrated in Figure 1. The transmitter converts baseband information into a modulated signal, which
is then transmitted through a power amplifier and antenna eventually. The receiver just completes a
reversed process of transmitter, receiving signals from antenna and demodulating them into baseband
signals. Typical transceiver modules include oscillators, duplexers, mixers, filters, power amplifiers, and
antennas [8-12]. Thereof, the VCO as a critical module driving the transceiver system, significantly
determines the overall performance of the system. With the increasing demands of communication
technology, VCOs are evolving towards lower phase noise, higher frequencies, and wider tuning ranges.
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Figure 1: A general transceiver diagram

The design fundamentals of an RF VCO should encompass active devices, and passive devices,
to meet the constraints of the design specifications. The insert loss, bandwidth, and impedance
transformation of passive devices have a decisive impact on the performance of RF and millimeter-
wave integrated circuits. Active devices are also crucial; the biasing state of the transistor determines
the operating condition of the VCO. Additionally, the inherent parasitic capacitance of the transistor
must be considered and reflected in the circuit parameter design.

The VCO is an oscillator capable of adjusting its output frequency in response to a tuning voltage,
widely used in communication and signal processing applications. Its primary specifications include
frequency range, tuning sensitivity, phase noise, output waveform, power consumption, and linearity
8], The frequency range refers to the spectrum of frequencies that the oscillator can generate while
tuning sensitivity indicates how responsive the output frequency is to changes in the tuning voltage.
Phase noise (PN) describes the frequency stability of the output signal, with lower phase noise
indicating better performance. The type of output waveform influences the performance of
subsequent circuits, and power consumption represents the electrical energy consumed by the
oscillator during operation. Linearity reflects the relationship between variations in tuning voltage
and changes in output frequency.

3. Content of the experiment

Experimental Objective: This experiment aims to conduct research on VCOs for key modules in
millimeter-wave chips, utilizing a 65 nm CMOS process to design a transformer-coupled 14 GHz VCO.
Students will gain proficiency in operating millimeter-wave integrated circuit design software, including
EMX and Cadence, and will complete the entire design process encompassing schematic design, layout
design, and co-simulation of circuit and electromagnetic fields, thereby enhancing the practical skills of
students in the integrated circuit discipline.
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Experimental Requirements: During the practical process, students are expected to understand the
specific meanings of the technical specifications of VCOs and to master the design methods for VCOs.
The design must meet the following core specifications: operation in Class F mode, a center frequency
of ~14 GHz, an output swing greater than 1 V, a tuning range exceeding 12 %, and the PN less than -
115 dBc/Hz at a 1 MHz offset.

In designing the VCO, the first step is to determine the design specifications for the VCO, followed
by the design of the resonant tank and the parameter optimization of the three-coil transformer.
Subsequently, DC simulation is performed to establish the transconductance and dimensions of the
transistor under reasonable bias voltages. After constructing the schematic and designing the switched
capacitor array, the S-parameters of the transformer are co-simulated. Finally, based on the schematic
parameters, the layout is drawn and arranged, with iterative adjustments made according to the
simulation results to ensure that the performance of the designed circuit meets the design requirements.
The specific process is illustrated in Figure 2.
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Figure 2: Design workflow of a VCO
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Figure 3: (a) Transformer structure. (b) Resonant impedance curves of different kDP values

Three coil parameter results of (c) inductance value L, (d) quality factor Q, and (e) coupling
coefficient k.

Transformers are widely utilized in circuit modules such as VCOs, mixers, and frequency doublers
[13-16]. Integrated on-chip transformers leverage mutual inductance between multiple conductors to
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transfer alternating current from one coil to another, achieving impedance matching to reduce power
loss. When designing by EMX software, it is desirable to route the transformer trace in topper thick
metal layers, often employing an octagonal structure with vertical coupling to enhance the quality factor

Q.

Upon completing the layout, electromagnetic (EM) simulation is necessary to obtain the inductance
values while considering parasitic effects. The specific simulation results are illustrated in Figure 3,
which shows the overall self-inductance values, coupling coefficients, and Q-factor distribution of the
coils. Particularly, regarding the oscillator structure in Figure 4, achieving Class F mode operation
requires the use of an asymmetric transformer turns ratio of 1 : 1.7 [17]. Furthermore, to effectively drive
the tail transistor, the coupling coefficient k of the LD and LP must be appropriately set up. Excessive
coupling can lead to shifts in the third harmonic impedance, adversely affecting the normal Class F
operation.

3.2 VCO design and simulation
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Figure 4: Single core Noise circulating VCO based on tripler transformer coupling

The VCO employs a noise-cancellation structure to achieve noise reduction, utilizing a three-coil
transformer coupling to operate in Class F mode, which further reduces phase noise. Coarse tuning of
the frequency is implemented using digital 4-bit control, combined with fine-tuning via varactor
diodes, resulting in a wide tuning range. The specific topology is illustrated in Figure 4. To achieve
better PN performance, a multi-core structure is also an effective technical approach. The multi-core
extension can be realized through either a resistive direct connection or a mode suppression structure.
Compared to the complexity of mode suppression, the resistive direct connection is simpler and more
intuitive, making it more user-friendly for students as beginners in the course. A standard supply
voltage of 1.2 V is selected, with the sole bias voltage V} set at 1 V. If V, is too low, the circuit
struggles to oscillate; if it is too high, the circuit enters a voltage-limited region, leading to
significantly increased power consumption. Accordingly, a DC simulation is performed to determine
the transconductance of the oscillator at equilibrium state. Combining this with the impedance values
shown in Figure 3(b), and ensuring the condition g.z..m>2 for oscillation startup, we select the
dimensions of the transistors as specified in Figure 5(a).

The principle of noise circulation is referred to in Figure 5(b), where a single-sided circuit is
adopted for simplicity of analysis. At the equilibrium state, the noise current injected into the tank is
shown as

2 27 2 27 2
Ly, =n'l; " +m 1", (1)

Where

Zd ZMP
m= — n= . 2
Zup + Zdn Zup + Zdn

Once the Mpi» in Figure 5(b) is replaced by a single nmos transistor, a conventional oscillator is
obtained. At the moment,the corresponding thermal noise again at the equilibrium state is modeled as,

]XN2 = ? Q)
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When gmn=gmp is taken for an optimal constraint of m=n=0.5. Interestingly, the PSD of the total noise
current injected into the tank in Figure 5(b) is only half of the conventional cross-coupled oscillator, thus
suppressing the noise of transistors, effectively ['®],
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Figure 5: (a) Dual-core VCO diagram and parameters. (b) Diagram for internal noise circulating

Using the circuit design environment in Cadence software, a schematic for the VCO circuit was
constructed. The final dual-core structure is depicted in Figure 5, with parameters of the transformer
also displayed. External pins were created for the interface, followed by the establishment of a symbol
and the construction of a test bench for top-level design simulation. Specifically, the S-parameters
obtained from the EMX electromagnetic simulation of the transformer were embedded into an N-port
device for co-simulation with the transistor circuit. The resistive loss by metal lines connecting the dual
cores was maintained <10 Q to avoid affecting synchronization between the cores.
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Figure 6: (a) Overall oscillation waveforms and (b) zoom-in waveforms of source, gate, and drain
terminals

Using the Spectre simulator of Cadence, appropriate initial node voltage levels for the oscillator were
set, followed by transient (trans) simulation with a simulation time length of 20 ns. Upon completion of
the simulation, the output waveforms at interested nodes of the oscillator were observed, as shown in
Figure 6. A localized zoom-in of the waveforms reveals a square wave approximation at the drain,
confirming the Class F operation, with the output node exhibiting a single-ended swing of approximately
1 V, meeting the design specifications. In comparison to the impedance results of the resonant tank in
Figure 3(b), a circuit simulation incorporates the parasitic capacitance of transistors. Therefore, when
designing the tuning capacitor array, it is essential to account for the parasitics’ effect, which is estimated
to be in the range of 30 to 50 fF.

Using the Spectre simulator again, a further period steady-state (PSS) simulation was conducted,
with the tuning voltage Vt of the varactor diode set as a variable for scanning simulation. By controlling
the switches of the 4-bit array, the voltage-controlled effect on frequency variations was achieved, as
illustrated in Figure 7(a). The oscillator exhibits approximately a 15 % frequency tuning range, varying
from 14.1 GHz to 16.4 GHz. The tuning linearity can be further assessed by calculating the derivative
df/dVt from this curve.

The PSS simulation also allows for the evaluation of the impulse sensitivity function (ISF), a crucial
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concept to recognize the time-varying noise of the cyclostationary circuits [19-21]. By locating the ‘PPV
folder’ within the ‘result browser’ directory, the corresponding ISF result curve can be retrieved. As
shown in Figure 7 (b), no significant changes are observed at wp=120 um and 160 pm. Further PN
simulation settings were configured in the PNoise panel, with relative frequency offsets ranging from
100 kHz to 100 MHz. The simulation results, displayed in Figure 7 (c), indicate that, as predicted by the
ISF, there is no significant PN difference between wp=120 and 160 pm. Consequently, we selected the
PMOS dimension as wp=120 pum. Finally, at a 1 MHz offset, the obtained PN is -123.6 dBc/Hz, an
impressively low value. At a 1 MHz offset, the corresponding Figure of Merit (FoM) [22-25] is
computed as 191 dBc/Hz, using the formula defined below.
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VCOs, as large signal circuits, also have shown themselves large dynamic currents, or a time-varying
quiescent point, quite different from those small-signal circuits with a fixed quiescent point[26-30].
Consequently, one can not get DC power information purely by DC simulation as done in those small-
signal circuits. Using the Spectre simulator, a further PSS simulation was conducted to observe the
current spectral distribution at the voltage supply node. Specifically, the DC current drained off was
recorded, which, when multiplied by the supply voltage, yielded a final power consumption of 36.9 mW.

4. Conclusion

"Radio Frequency Integrated Circuits" is a course that combines theory and practice, requiring
students to master both relevant theoretical knowledge and practical software applications. The
simulation practice of RF circuits facilitates a deeper understanding and enhancement of the associated
theoretical concepts. By exploring the teaching of "RF Integrated Circuits" using Cadence and EMX
simulation software, student engagement and enthusiasm for learning can be significantly stimulated.
Focusing on the specific module of the VCO, the entire circuit design and simulation process is modeled,
allowing students to develop a holistic understanding of RF system simulation design, thereby ultimately
promoting a comprehensive improvement in the education quality.
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