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Abstract—This paper demonstrates that magnetic tuning can 
be employed either as coarse tuning or fine tuning or both for 
mm-Wave fundamental oscillators to achieve ultra-wide 
frequency tuning range and low phase noise. Firstly, a multi-
mode VCO with a tuning range of 41.1% from 57.5 GHz to 90.1 
GHz with phase noise of -111.8 dBc/Hz at 10-MHz offset and 
FoMT of -192.2 dBc/Hz is discussed. Secondly, a dual-band 
varactor-less DB-VCO with 14.3% tuning range from 95.7 GHz 
to 110.5 GHz and -106.9 dBc/Hz phase noise at 10-MHz offset is 
presented together with a quad-band varactor-less QB-VCO 
achieving a tuning range of 32% from 58.8 GHz to 81.2 GHz and 
phase noise of -115.8 dBc/Hz at 10-MHz offset and FoMT of -
192.4 dBc/Hz. Finally, a 95-GHz DCO provides a tuning range of 
27% is demonstrated. It achieves a phase noise of -110 dBc/Hz at 
10-MHz offset and FoMT of -186.1 dBc/Hz. 

Keywords—mm-Wave, magnetic tuning, CMOS, VCO, DCO, 
tuning range, phase noise, transformer, tank Q, varactor-less 

I. INTRODUCTION 
Millimeter-wave (mm-Wave) frequencies from 60-to-110 

GHz can be utilized for various useful and interesting 
applications, including high-data-rate short-range wireless 
backhaul, high-resolution vehicular radar, high-sensitivity 
medical and security imaging [1-3]. These applications rely on 
stringent specifications not only on the transceiver’s broadband 
operation but also on the transmitter’s error vector magnitude 
(EVM) and on the receiver’s signal-to-noise ratio (SNR), 
which in turn impose challenging requirements of LO signals 
in term of ultra-wide frequency tuning range and good phase 
noise, in particular in CMOS processes [4]-[5]. Firstly, at mm-
Wave frequencies, the parasitic become relatively large as 
compared to the tank capacitor and significantly degrade the 
frequency tuning range. Secondly, the quality factor Q of 
varactors becomes dominantly low (<3 at 100 GHz). Thirdly, 
the trade-off between the tuning range and the phase noise 
becomes more severe. With the same target power 
consumption and phase noise, the degraded varactor Q at mm-
Wave frequencies would inevitably limit the frequency tuning 
range to ~15% [6]-[7]. 

As alternative solutions, interpolative-phase-tuning or 
rotated-phase-tuning technique was proposed for varactor-less 
mm-Wave oscillators to improve the phase noise in [8]-[9]. 
However, multiple dedicated phase shifters are required in [8], 
resulting in high power consumption, and in [9], there exists a 
severe trade-off between the tuning range and the phase error 
of the multi-phase LC oscillator. Moreover, for these 
oscillators, the frequency tuning is done by intentional shifting 
of the operation frequency from the resonant peak frequency of 

the LC tank through injected current, which unfortunately 
degrades the tank Q and results in a steep frequency response. 

Over the years, magnetic tuning has been used to extend the 
tuning range of RF and mm-Wave LC oscillators [10-24]. 
Specifically, magnetic tuning can be achieved by switching 
on/off extra coupled coils relative to the primary resonant coil 
for coarse tuning as in [10-18], by continuously changing the 
current [19-23] or continuously varying the loaded resistor [24] 
in the secondary coil of a transformer for fine tuning. With 
proper design of switched inductors, the effective turn-on 
resistance and turn-off parasitic capacitance of the switches 
contributed to the resonant coil are significantly reduced due to 
the relative small coupling coefficients between these coupled 
coils. As a consequence, magnetic tuning can be employed to 
improve the frequency tuning range while minimizing the 
phase noise degradation. 

A magnetic-tuning VCO with two extra coupled switched-
inductors achieves an ultra-wideband tuning rang of 61.9% at a 
center frequency of 11.75 GHz in [10]. However, applying the 
same idea to mm-Wave frequencies, the frequency tuning 
range would be less than ~28% due to more dominant parasitic 
from the active devices and switches [11-13]. In [18], a 
switched-triple-shielded transformer-based magnetic-tuning 
oscillator measures a record ultra-wide tuning range of 41.1% 
at a center frequency of 73.8 GHz. However, all these mm-
Wave magnetic-tuning oscillators [11-18] still suffer from the 
problem of relying on low-Q varactors for fine tuning. 

Another way to extend the coarse tuning range of mm-
Wave oscillators is to employ high-order LC tanks with dual-
resonant modes [25-29] or three-resonant modes [30]. However, 
their frequency tuning range is still limited. Harmonic 
extraction [31]-[32] or self-mixing [33] oscillators can benefit 
from wide tuning range and low phase noise, but at the cost of 
much lower output power and thus much higher power 
consumption. 

In order to avoid using low-Q varactors for fine tuning at 
mm-Wave frequencies, magnetic tuning by continuously 
changing the current or resistor at the secondary coil is a good 
candidate. In [19], by varying the bias current and thus the 
transconductance (gm), the impedance seen from the resonant 
coil is continuously tuned. However, a small resistor is needed 
to shunt with the resonant inductor to ensure linear change of 
the effective inductance over a wide tuning range, resulting low 
tank Q. In [20], the currents in the coupling coils are forced to 
be in-phase or out-of-phase by a quadrature oscillator topology, 
and by defining their relatively amplitude, the oscillate 
frequency is varied. In [21], evolved from [19], a bimodal 
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enhanced-magnetic-tuning technique is proposed to further 
extend the tuning range of mm-Wave quadrature oscillators to 
24%. However, as the frequency tuning depends on changing 
bias currents, these works [20]-[21] need to consume large 
power up to 30 mW for wide tuning range. The technique is 
also leveraged for 100-GHz [22] and 200-GHz [23] oscillators 
for the applications at sub-Terahertz (sub-THz) frequencies, 
but with limited tuning range of 11.2% and 3.5%, respectively, 
mainly due to limited current range available without 
contributing too much parasitic. Compared to the magnetic fine 
tuning with continuously controlling the current, the method 
with a loaded continuously variable resistor [24] do not need to 
burn more power for fine tuning. However, [24] has a smaller 
tuning range of 16% at 60 GHz due to limited frequency tuning 
bands. 

This paper discusses and demonstrates mm-Wave 
oscillators employing magnetic tuning technique for both 
coarse and fine tuning to achieve ultra-wide tuning range, low 
phase noise, and low power consumption. Firstly, a switched-
triple-shielded transformer is proposed to coarsely change the 
coupling coefficients between the primary and secondary coils 
in a dual-resonate tank to greatly increase the frequency tuning 
range of a mm-Wave VCO to cover a frequency range from 
57.5-to-90.1 GHz. Secondly, multiple mode varactor-less mm-
Wave VCOs are proposed with a triple-coil transformer and a 
switched-quadruple-shielded transformer to achieve frequency 
tuning range from 95.7-to-110.5 GHz and 58.8-to-81.2 GHz, 
respectively. Finally, a split transformer with multiple non-
uniform secondary coils is proposed as the variable inductor 
for a DCO to cover a tuning range from 82-to-107.6 GHz while 
maximizing the tank Q for good phase noise. 

II. MAGNETIC-TUNING FOR MULTI-MODE VCO 
The conventional method to increase the frequency tuning 

range while still keeping small chip area is using transformer-
based dual-band VCO [25-26]. Unfortunately, it can only 
provide two frequency tuning bands and each band still has 
limited tuning range due to varactor tuning at mm-Wave 
frequencies. In order to further extend the tuning range by 
creating more frequency tuning bands without degrading the 
tank Q, a magnetically-tuned multi-mode VCO with tunable 
coupling coefficient K12 was proposed as shown in Fig.1(a), 
and its fully schematic is shown in Fig. 4 [18], [34]. As 
illustrated in Fig. 1(b), the impedance seen from either coil has 
two distinct frequency peaks, which allows VCO oscillating at 
two different frequencies by turning on one of the tail-current 
sources I1 or I2. The oscillation frequencies for two different 
bands can be expressed as [26]: 
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where �1=(L1C1)�1/2 and �2=(L2C2)�1/2. From (1a) and (1b), 
both the oscillation frequencies �H and �L depend on the 
coupling coefficient K12, which provides another degree of 
freedom to tune the frequency. Fig. 2 plots the relationships 
between �L (�H) and K12 for different �2/�1 ratios. From both 
(1a) and Fig. 2, it is clear that �H is quite sensitive to the 
coupling coefficient K12, especially when K12 is above 0.5. 

Now the challenge is how to tune the coupling coefficient 
K12. The simplest way is to add a switching coil to change the 
coupling coefficient between the original two coils. Fig. 3 
shows a multiple-port transformer layout with the proposed 
tuning scheme of K12. Intuitively, when MS1 turns on, the 
current i1 in L1 induces a current i'sh1 in Lsh1 and another 
current i'2 in L2, both of which are in the opposite direction 
with i1. Since i'sh1 also in turn induces another current i''2 in L2, 
which tends to cancel i'2, the effective coupling coefficient 
K12,eq between L1 and L2 actually becomes lowered as 
compared with the case when MS1 turns off [35]. In this case, 
K12 becomes tunable by switching the MS1 on and off. 

 
Fig. 1. Magnetically-tuned dual-band VCO: (a) model and (b) amplitude and 
phase response of the tank impedance with different coupling coefficient K12 

 
Fig. 2. Calculated resonant frequencies �H and �L as functions of the 
magnetic coupling coefficient K12 for different �2/�1 ratios 

 
Fig. 3. Transformer structure for the proposed tuning scheme of the magnetic 
coupling coefficient K 
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Because the effective inductances of L1 and L2 are also 
changed when MS1 turns on and off, two additional shielding 
coils Lsh0 and Lsh2 with the series switches MS0 and MS2 are 
added. When MS1 is off, both MS0 and MS2 are turned on, Lsh0 
and Lsh2 introduce counteractive currents in L1 and L2 to 
prevent increase in inductance for L1 and L2. Similarly, when 
MS1 is on, both MS0 and MS2 are turned off to avoid decrease in 
inductance for L1 and L2. As a result, the equivalent 
inductances of L1 or L2 are kept relatively constant when MS1 
turns on and off to tune K12. With the two extra switched coils, 
more tuning modes can also be created as shown in Table I. 
Fig. 5 shows the measured phase noise at 10-MHz offset from 
-104.6 dBc/Hz to -112.2 dBc/Hz across the whole frequency 
tuning range of 41.1% from 57.5 GHz to 90.1 GHz. 

 
Fig. 4. Schematic of the proposed multi-mode dual-band VCO [18] 

TABLE I  MODES SELECTION CONTROL LOGICS 

 Mode 
1 

Mode 
2 

Mode 
3 

Mode 
4 

Mode
5 

Mode
6

Bs2Bs1Bs0 101 011 111 010 001 111
I1 on on on off off off
I2 off off off on on on

 
Fig. 5. Measured VCO phase noise at 10-MHz offset frequency across the 
entire frequency tuning range 

III. MAGNETIC-TUNING FOR VARACTOR-LESS OSCILLATORS 
Although the magnetically-tuned multi-mode VCO can 

offer ultra-wide tuning range of 41.1% [18], it only has a few 
coarse tuning bands and still requires wide-tuning-range 
capacitance tuning using varactors for fine tuning to cover 
frequency gaps, which would inevitably degrade the tank Q, 
the start-up condition, the phase noise, and the operation 
frequency. As aforementioned, the varactor Q decreases 
quickly with the frequency. For instance, using a varactor to 
achieve ~10% tuning range without consideration of other 
parasitic, as shown in the Fig. 6, the simulated worst-case 
varactor Q drops from 7 at 30 GHz to only 2 at 120 GHz in a 
standard 65nm CMOS process. At 100 GHz, with a change of 
the control voltage from 0 V to 1.2 V, the varactor can be 
tuned from 9 fF to 4 fF, while the varactor Q varies from 2.5 
to 6. Although the inductor Q is very high (~35), the tank Q 
would be unacceptably small with the low-Q varactor. To 
tackle this issue, continuous tuning of magnetic field can be 
adopted as fine tuning to eliminate low-Q varactors. 

A. Fine Magnetic Tuning 
The variable inductor using a transformer with a 

continuously-tuned variable resistor can provide continuous 
frequency tuning without adding capacitor to the tank, as 
shown in Fig. 7(a) [24]. The input impedance of the resonant 
coil L1 can be derived as: 
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The effective inductance L1,eq and the equivalent resistive loss 
RL1,eq can be derived by extracting the real and imaginary parts 
of Z11, from which the tank Q is ready to be calculated as: 
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where �= RV/(1+�2RV
2CV

2), �= (RL2+�2)2+�2(L2-�RVCV)2. For 
a simplified case, assuming only variable resistor RV is 
included, the simulated tank inductance L1,eq is shown in Fig. 
7(b). The tuning range (TR) of inductance is given as [36]: 

2
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Fig. 7(c) shows the simulated tank Q at 100 GHz versus the 
tuning variable resistor RV. When the variable resistor is tuned 
to match the output impedance of secondary coil, the quality 
factor is the lowest with a value of Qmin [36]: 

min 2
12

2 21 1.Q
K TR

≈ − = −  (5) 

When its coupling factor K12 is increased to achieve a wider 
tuning range, more loss is introduced from the variable resistor 
to the primary coils and further degrades the tank Q. 

 
Fig. 6. Simulated varactor Q with frequency and control voltage at 100 GHz 

 
(a) 

 
(b)                                                        (c) 

Fig. 7. (a) Magnetic tuning using a transformer and variable resistor RV, and 
its equivalent circuit, (b) the simulated tank inductance L1eq, and (c) the 
simulated tank Q at 100 GHz versus resistor RV (L1=L2=30 pH, K12=0.7) 

B. 103-GHz Varactor-Less Dual-Band VCO 
In order to improve the tuning range and tank Q, magnetic 

tuning techniques for both coarse and fine frequency tuning are 
applied for a dual-band VCO. As shown in Fig. 8 [37], turning 
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MSW1 on/off changes the effective inductance L1,eq coarsely, 
while continuously tuning the gate voltage of another transistor 
MSW2 as a variable resistor changes the effective inductance 
L1,eq finely. As a result, neither capacitors nor varactors are 
needed, and the tank Q degradation due to the low capacitor Q 
in existing mm-Wave oscillators is completely eliminated.  

Fig. 9(a) shows the half-circuit of the proposed triple-coil 
transformer tank, and its simplified equivalent model is shown 
in Fig. 9(b). Resistors R1, RLSW1 and RLSW2 model the loss of the 
coupled coils L1, LSW1 and LSW2, respectively. K1SW1 and K1SW2 
are the coupling coefficients between the coils, and the two 
switches are modeled by RSWi in parallel with CSWi (i=1, 2). The 
coupling between LSW1 and LSW2 has been ignored for simplicity 
due to non-direct affect the resonant coil L1 and has negligibly 
small effect on the equivalent inductance of L1,eq. The L1,eq can 
be derived as: 
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And the equivalent resistance of R1,eq can be derived as: 
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where �i=RSWi/(1+�2RSWi
2CSWi

2) for i = 1, 2. The tank Q can be 
directly calculated as Qtank= �L1,eq/R1,eq. The coarse-tuning 
switch MSW1 is turned on for the high frequency band with a 
smaller inductance and off for the low frequency band with a 
larger inductance. For fine frequency tuning, the equivalent 
inductance can be continuous changing by a variable resistance 
RSW2, which is accomplished by controlling the gate voltage of 
the fine-tuning switch MSW2. From (6), the change of effective 
inductance L1,eq and thus the corresponding tuning range is 
proportional to the coupling coefficients K1SW1 and K1SW2. 
From (7), the loss contribution from the coupled tuned coils 
LSW1 and LSW2 is increased with K1SW1 and K1SW2, while 
decreased with small R1SW1 and R1SW2 or large transistor sizes 
of MSW1 and MSW2. Therefore, the coupling coefficients and 
transistor switches size selection is a compromise between the 
tank Q and frequency tuning range. A larger size switch has 
smaller loss but larger parasitic capacitance, limiting the 
frequency tuning range. In contrast, a smaller size switch has 
less parasitic capacitance but larger loss, degrading the tank Q. 

As shown in Fig. 10(a), with a propel design of L1 = 64 pH, 
LSW1 = 35 pH, LSW2 = 90 pH, K1SW1 = 0.38 and K1SW2 = 0.46. 
The aspect ratio for MSW1 is 30�m/60nm while the fine-tuning 
switch MSW2 is optimally sized to be 60�m/200nm with large 
width for low resistance loss contribution and long channel 
length for linear equivalent resistor. The triple-coil transformer 
is simulated with 2.5D ADS momentum. Fig. 10(b) shows the 
simulated equivalent inductance and the effective quality factor 
Q of the tank with the fine tuning control voltage VC. With 
MSW1 turned on in the high frequency band, the equivalent 
inductance changes from 39 pH to 48 pH. With MSW1 turned 
off in the low frequency band, the equivalent inductance 
changes from 42 pH to 56 pH. The tank Q is larger than 7 over 
the entire tuning range. From Fig. 10(b), the minimum tank Q 
appears around the middle of the continuous control voltage. 
Intuitively, when the fine tuning switch MSW2 is turned on, it is 

shorted to ground, and the tank Q is mainly determined by the 
coupled coil LSW2, which is high at mm-Wave and contributes 
small loss to the tank. When it is turned off, there is no close 
coupling current loop, and the coil also contributes no loss. 

As comparison, design and simulation of two oscillators 
with the same power consumption and tuning range: one is the 
proposed DB-VCO and one with varactors for frequency 
tuning. As shown in Fig. 11, the simulated phase noise of the 
proposed DB-VCO is improved up to 12.1 dB and has larger 
tuning range, which implies that the proposed magnetic tuning 
method has huge advantage at very high frequency applications. 

 
Fig. 8. The schematic of the proposed DB-VCO 

 
Fig. 9. The proposed triple-coil transformer: (a) simplified schematic, and (b) 
equivalent model 

 
Fig. 10. The proposed triple-coil transformer: (a) layout, and (b) simulated 
equivalent inductance and tank Q vs. the fine-tuning control voltage 

 
Fig. 11. Simulated phase noise vs. operation frequnecy for the proposed 
magnetic tuning oscillator and conventional varactor-tuned oscillator 

C. 70-GHz Varactor-Less QB-VCO 
As discussed aforementioned, there has a tradeoff between 

the magnetic tuning range and the loss contribution. The 
frequency tuning range of the proposed DB-VCO is limited to 
~15% due to the limited coarse tuning sub-bands. It is proved 
that with more sub-bands, the tuning range can be further 
improved while minimizing the phase noise degradation [18]. 
In order to extend the proposed magnetic-tuning technique for 
multiple bands to improve the VCO tuning range, we proposed 
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a QB-VCO with a switched-quadruple-shielded transformer, as 
shown in Fig. 12 [38].  

The operation of the proposed QB-VCO can be divided into 
two modes. When only the bias current IB1 is on, the VCO 
operates in the high-frequency mode. On the other hand, when 
only IB2 is on, the VCO operates in the low-frequency mode. In 
each mode, a continuously controlled variable resistor MS1 (S2) 
is used for continuous magnetic and frequency tuning, while a 
discretely-controlled switch MS3 (S4) is used for coarse magnetic 
and frequency tuning. As a compromise between the tank Q 
and the tuning range, MS1 and MS3 are sized so that their turn-
on resistances for fine tuning and coarse tuning are ~9 � and 
~15 �, respectively, to ensure acceptable weak degradation of 
the tank Q. The same consideration is also applied for switches 
MS2 and MS4. 

 
Fig. 12. The schematic of the proposed quad-band VCO 

To guarantee the stability of the proposed dual-mode QB-
VCO, the coarse magnetic tuning coil LS3 and LS4 are also 
reconfigurable as the shielded coil to reduce the coupling 
coefficient between the resonator coils L1 and L2 [35]. Only 
either of LS3 and LS4 is shorted at any time, as the selection 
table shown in Fig. 12. Simulated with ADS momentum, the 
equivalent inductance can be continuously tuned from 39 pH 
to 77 pH, and the tank Q is above 6 over the entire frequency 
range, as shown in Fig. 13(b). 

 
Fig. 13. (a) Layout of the proposed six-coil transformer and (b) simulated 
equivalent inductance and tank Q vs. the fine tuning control voltage 

This switched-quadruple-shielded transformer in Fig. 13(a) 
seems similar as the switched-triple-shielded transformer in 
Fig. 3 [18], but there has some fundamental differences and 
features: 1) the coarse tuning is achieve by varying the 
effective L1,eq/L2,eq and keep the effective K12.eq almost 
constant in this work, while is achieved by changing the 
effective K12,eq and keeping the effective L1.eq/L2,eq almost 
constant in [18]; 2) the shielded coils LS1 and LS2 are used for 
fine tuning and none additional varactors are needed in this 
work, while the shielded coils LS1 and LS2 are employed to 
keep the effective L1,eq/L2,eq constant and still need varactors 
for fine tuning in [18]. 3) The frequency tuning is not obvious 
by tuning the K12 in the low-frequency-band as shown in Fig.2 

and results too much frequency overlap in Mode 1 and Mode 2 
as shown in Fig. 5 [18], while the magnetic tuning is uniform 
in this work, as shown in Fig. 16. 

D. Measurement Results 
Fig. 14 shows the output spectrum and phase noise of the 

DB-VCO at frequency of 110.5 GHz, measuring -83.1 dBc/Hz 
and -102.2 dBc/Hz at 1-MHz and 10-MHz offsets, respectively. 
As shown in Fig. 15, the frequency tuning range is 14.3% from 
95.7 GHz to 110.5 GHz, and the phase noise is from -100.6 to -
106.9 dBc/Hz at 10-MHz offset. 

 
Fig. 14. Output spectrum and measured phase noise at 110.49 GHz 

From Fig. 16, the QB-VCO measures a continuous 
frequency tuning range from 58.8 GHz to 81.2 GHz with phase 
noise of -93.3 dBc/Hz and -115.8 dBc/Hz at 1-MHz and 10-
MHz offsets at 66.5 GHz, respectively. The measured phase 
noise across the entire frequency tuning range is from -103.6 
dBc/Hz to -115.8 dBc/Hz at 10-MHz offset. 

 
Fig. 15. Measured phase noise across the tuning range 

 
Fig. 16. Measured frequency tuning range of the QB-VCO and measured 
phase noise at 66.5 GHz 

IV. MAGNETIC-TUNING WITH SPLIT TRANSFORMER 
Because of smaller tank capacitance, the variable inductor 

[24] can oscillate at high frequencies. But the most critical 
issue is the quality factor degradation when it is designed for 
wide tuning range. In order to minimize the Q degradation, a 
split transformer with multiple secondary coils is proposed as 
the variable inductor, as shown in Fig. 17 [36]. The proposed 
split transformer consists of two parallel transformers La and 
Lb, each of which is designed to have 3 parallel secondary 
coils with small coupling factor Ki to maximize Qmin,i. 
Theoretically, the minimum quality factor contributed by each 
variable resistor is ���� �

��

	

� �  where N is the total 

number of secondary coils and each coil is sized uniformly 
with a tuning range of 	


�
.  

This technique may look similar to the switched-
transformer with variable inductor [37], which creates 
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multiple-bands to reduce tuning range requirement of variable 
inductor. However, the proposed split-transformer with 
multiple variable resistors has no frequency gap issue as in the 
conventional switched transformer. For the conventional 
tuning in Fig. 18(a), the control signals (RV, D) need to be 
switched from (RV=�, D=0) to (RV=0, D=1) for further tuning 
in another band after the frequency is continuously tuned 
down from f(RV=0, D=0) to f(RV=�, D=0). With PVT 
variation, f(RV=�, D=0) can be higher than f(RV=0, D=1), 
resulting in a frequency gap. However, the proposed tuning 
scheme in Fig. 18(b) can use RV2 for further tuning in another 
band without switching the control signals, which guarantees 
no frequency gap between adjacent tuning bands. 

 
Fig. 17. Schematic of the proposed split transformer as variable inductor 

 
(a)                                                     (b) 

Fig. 18. Comparison of the frequency tuning for (a) the conventional tuning 
with a switch and a variable resistor [37] and (b) the proposed split-
transformer with multiple variable resistors 

The design considerations for the proposed split 
transformer include the following:  

1) Tuning range of each secondary coil: When more 
variable resistors are turned on for higher frequencies, the 
overall Q would be degraded by on-resistance of the variable 
resistor. If the secondary coils are designed to be non-uniform, 
and if the secondary coil with a smaller tuning range is 
selected for tuning at a higher frequency, the split transformer 
can operate in the region with a higher Q. Besides, the non-
uniform secondary coils can create more high-Q regions to 
reduce the Q degradation.  As illustrated in Figs. 19(a) and 
19(b), for f1, tuning RV2 first (Case 2) would result in a low-Q 
region whereas tuning RV1 first (Case 1) would operate the 
tank in a high-Q region. Similarly, for another target 
frequency f2, the tank can be operated in a high-Q region by 
swapping the tuning order from Case 1 to Case 2 with RV2 
being tuned first. If the split transformer were designed 
uniformly, there would be no improvement by swapping the 
tuning order. 

2) Sizing of the variable resistor: In order to minimize on-
resistance to reduce the loss, the variable resistor should be 
sized larger. However, the parasitic capacitance would lower 
the self-resonant frequency and boost the amplitude at the 
secondary coil due to series LC peaking, introducing higher 
loss. Thus the variable resistors should be sized based on the 
trade-off between on-resistance and self-resonant frequency. 

3) Transformer structure and mutual coupling factors: 

Because the mutual coupling between the secondary coils 
could effectively provide a shielding effect and reduces the 
coupling factor to the primary coil when the secondary coils 
are turned on [35], the transformer structure design needs to 
minimize the mutual coupling. The transformer can be split 
into two parallel transformers La and Lb with similar structures 
to minimize the mutual coupling between secondary coils. As 
shown Fig. 20, the inner coils La1 and La2 are respectively 
coupled to the upper and lower parts of the primary coil La to 
minimize the overlap between La1 and La2. The outer coil La3 is 
placed away from La1 and La2 for smaller mutual coupling. 
Finally, a shorted coil surrounding La3 is added to increase the 
self-resonant frequency. 

 
(a)                                        (b) 

Fig. 19. The proposed split-transformer using swapping scheme with: (a) non-
uniform tuning range with RV1 tuned first, (b) non-uniform tuning range with 
RV2 tuned first 

 
Fig. 20. Layout of the proposed split transformer La and its parameters 

As shown in Fig. 21, when the number of secondary coils 
N is increased from 1 to 3 and 6, the W-band DCO with the 
proposed split-transformer has smaller start-up current and 
thus better tank Q, which verify the effectiveness of split-
transformer. By swapping the tuning order, the start-up current 
degradation is further reduced. Thanks to the proposed split 
transformer, the W-band DCO achieves the widest tuning, of 
up to 27%, and the best worst-case FOMT, as well as a 
comparable FoM among the existing 100-GHz oscillators. 

 
Fig. 21. Measurements of the proposed DCO start-up current versus the DCO 
frequency. 

V. DESIGN OF MULTI-COIL TRANSFORMER 
In this work, multi-coil transformers are the critical part 

for designing high performance mm-Wave oscillators. The 
loss and parasitic of the coils have big influence on the 
oscillator at mm-Wave frequencies. As such, it is very 
important to develop a custom procedure to improve the 
design efficiency and simulation accuracy. The simulation 
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accuracy mainly depends on the modeling of the multi-coil 
transformer because it is typically much easier and more 
accurate to extract the parasitic of the active devices and their 
interconnection. The design procedure and modeling of the 
multi-coil transformer can be recommended as follows. 

1) Firstly, given the design specification, determine how 
many parallel secondary coils need to be used for coarse/fine 
magnetic tuning. 

2) Derive the effective resonant inductance using a 
simplified equivalent circuit for the multi-coil transformer as 
in [18], [37]. With the help of mathematic assistant software, 
preliminary parameters of the inductances and coupling 
coefficients of the multi-coil transformer can be obtained. 

3) Design the geometrical dimensions of the multi-coil 
transformer layout, and extract the S-parameters by using EM 
simulation tool. 

4) Simulate the S-parameters with the switches to obtain 
the effective inductance and the tank Q. If necessary, iterations 
by repeating Items 2-4 above may be carried out to get good 
agreement with the design targets. 

5) Simulate and fit the S-parameters into a wideband 
lumped circuit model [10], which can be directly used in the 
Cadence design. 

6) Put the circuit model in the designed oscillator and 
check the performance, including the parasitic extraction of 
the active devices, switches, and interconnections. Repeat 
Items 3-6 until the performance is optimized. 

To verify the model accuracy of the multi-coil transformer, 
a testing structure of the layout in Fig. 20 was fabricated and 
measured. The split transformer can be reconfigured into N=1 
with the same control signal for D0~5 or N=3 with D0=D1, 
D2=D3, and D4=D5 or N=6 with different control signals D0~5 
and N=6 with swapping. As shown in Fig. 22, the simulated Q 
varies from 3.5 to 8.8, while the measured Q varies from 2.6 
to 5.3 at 60 GHz. The simulated and measured inductance can 
be tuned from 22.4-to-31.4 pH and 20.4-to-30.5 pH, 
respectively. As summarized in Table II, the measured 
inductance is slightly shifted down as compared to the 

simulated results while the measured Q is smaller compared to 
the simulated Q due to underestimate of the parasitic loss. 
Assuming the transformer Q is proportional to its operation 
frequency, the transformer Q at 95 GHz can be extrapolated to 
4.9-to-5.3, which is much smaller than the simulated 
transformer Q of 7.3-to-9.3, indicating that the parasitic loss is 
more significant at higher mm-Wave frequencies as expected. 

TABLE II.  MEASURED TESTING STRUCTURE AT 60 GHZ 

 Inductance 
(pH) 

Q 
(N=1) 

Q 
(N=3) 

Q 
(N=6) 

Q 
(N=6, swap) 

Simulated 22.4~31.4 3.5~8.8 4.2~8.8 4.3~8.8 4.3~8.8
Measured 20.4~30.5 2.6~5.3 3.4~5.3 3.6~5.3 3.8~5.3

VI. CONCLUSIONS 
Table III summarizes and compares the performance of the 

proposed magnetic tuning mm-Wave oscillators with the prior 
arts. The proposed 70-GHz mm-Wave oscillators demonstrate 
the widest tuning range and the best FoMT. Thanks to the 
proposed split transformer, the W-band DCO achieves the 
largest tuning range of 27% with the best worst-case FOMT 
among all the existing 100-GHz oscillators. 
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Fig. 22. Simulated and measured Q of the multi-coil transformer at 60 GHz 
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TABLE III.  COMPARISION OF MM-WAVE FUNDAMENTAL OSCILLATORS 

References Frequency 
(GHz) 

Tuning Range 
(GHz) 

VDD 
(V) 

Power
(mW)

Phase Noise
(dBc/Hz)

FoM
(dBc/Hz)

FoMT
(dBc/Hz) 

Coarse 
Tuning 

Fine 
Tuning Process 

[17] 61 57-65.5 
(14.2%) 1 6 -105.9/

-110.8@10M -176.2 -179.3 Magnetic Varactor 65nm
CMOS

[24] 56.8 52.2-61.3 
(14%) 0.7/1.5 8.7 -94/-118.7@10M -184.3 -187.4 n.a Magnetic 90nm

CMOS
[16] 62.8 55.1-70.4 

(24.6%) 1.2 21.5 -112.2@10M -174.9 -182.6 Magnetic Varactor 40nm
CMOS

[29] 70.2 62.1-78.3 
(22.3%) 1.1 7.7/8.8 -105.8/

-112.0@10M -180.4 -187.4 Capacitor Varactor 65nm
CMOS

[39] 89.4 87.1-91.7 
(5.2%) 1 11 -108.3@10M -176.9 -171.1 Capacitor Varactor 65nm

CMOS
[22] 101 95.4-106.7 

(9.5%) 0.8 11.9 -104.5@10M -171.1 -176.5 n.a Magnetic 65nm 
CMOS

[40] 100.7 98-103.3 
(5.2%) 0.8/1.2 12/21 -112.1@10M -178.6 -172.9 n.a Active 

varactor
65nm

CMOS
[41] 105 100-110 

(9.5%) 1.2 54 -92.8@10M -175.0 -175.5 n.a Varactor 65nm
CMOS

This Work 
[18] 73.8 57.5-90.1 

(41.1%) 1.2 8.4/10.8 -104.6/
-112.2@10M

-172/
-180

-184.2/ 
-192.2 Magnetic Varactor 65nm

CMOS
This Work 

[38] 70 58.8-81.2 
(32%) 1 7.2/10 -103.6/

-115.8@10M
-173.5/
-182.3

-183.6/ 
-192.4 Magnetic Magnetic 65nm

CMOS
This Work 

[36] 94.8 82-107.6 
(27%) 1.2 12 -106/-110@10M -175.8/

-177.5
-184.4/ 
-186.1 Magnetic Magnetic 65nm

CMOS
This Work 

[37] 103.3 95.7-110.5 
(14.3%) 1 6.2 -100.6/

-106.9@10M
-172.9/
-178.6

-176/
-181.7 Magnetic Magnetic 65nm

CMOS
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