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Abstract—This paper proposes a dual-layer patterned floating 

shield (DL-PFS) technique for Silicon-based on-chip spiral induc-
tors. By optimally utilizing the two lowest metal layer strips to 
shield the inductor from the substrate, electromagnetic (EM) sim-
ulations show 40% improvement of the Q factor when compared 
with the conventional approach. Designed and simulated in 0.13-
µm CMOS, the DL-PFS inductor in a class-B VCO achieves 6.6-
dB lower phase noise, and 34% power savings. The VCO also ex-
hibits 9.7-to-10.93 GHz tunability, and −123-dBc/Hz phase noise 
at a 3 MHz offset. The power consumption is 1.64 mW at 0.6 V, 
leading to a state-of-the-art FoM of 190.5 dBc/Hz. 

Keywords—Inductor, RFIC, VCO, Dual-layer Patterned 
Floating Shield 

I. INTRODUCTION 

With the incessant market demand of low-power and high-
performance wireless transceivers the design of on-chip spiral 
inductors, being one of the most fundamental passive compo-
nents for RF/mmWave CMOS circuits, remains a challenge. 
Specifically, the phase noise performance of the voltage-con-
trolled oscillator (VCO) is severely limited by the limited Q fac-
tor of the inductor, which is accompanied by losses due to DC 
resistance of the inductor’s metal trace, current-crowding effect 
and electromagnetic coupling to the substrate. Although the DC 
resistance can be alleviated by exploiting a thick top metal [1], 
and the current-crowding effect can be minimized by proper ge-
ometrical design [2], the substrate loss is still a major concern. 

Generally, substrate loss arises from the inductive and ca-
pacitive coupling between the inductor and substrate. Yet, in-
ductive loss is negligible with a Si-substrate conductivity 
smaller than 10 S/m, leaving the capacitive loss to dominate [3]. 
It can be interpreted as a displacement current flowing through 
the dielectric underneath the inductor to the substrate, due to the 
time varying electric field.  

Several approaches have been reported to reduce the capac-
itive coupling to the substrate without extra fabrication steps. 
One approach was to use the patterned ground shield (PGS) in-
serted between the inductor and substrate [4]-[5]. However, 
PGS requires a relatively perfect 0 V ground voltage on the Si-
chip, which is physically unrealizable due to non-zero resistiv-
ity of the metal interconnections. The shielding performance 
further aggravates, when the inductor is dealing with mmWave 

frequency due to the parasitic inductance on the ground, or 
when noise is coupled from other grounded circuitry. 

Multi-layered PGS has also been reported [6] but it does not 
address the aforementioned issues. On the other hand, patterned 
floating shield (PFS) has been demonstrated with better perfor-
mance when compared with PGS [7]-[8]. This paper proposes 
an improved PFS, by using two metal layers which significantly 
reduce the capacitive-induced substrate current, thereby boost-
ing the Q factor by as much as 40% when compared with the 
conventional PFS. To demonstrate the improvement of the Q 
factor, a class-B VCO is also incorporated in the design, offer-
ing a 6.6-dB enhancement of the phase noise performance.  

 

II. PROPOSED DUAL-LAYER PFS (DL-PFS) 

A. Surface Current Density Induced on the Substrate 

Conventionally, the orientation of the metal strips for PFS 
are orthogonal to the current flow in the inductor [7] as illus-
trated in Fig. 1. However, such shielding orientation is only ef-
fective for square inductors but not for octagonal inductors. 
This can be justified by the capacitive induced current density 
flowing in X (۸ܠ) and Y (۸ܡ) directions on the surface of the 
substrate at 10 GHz, when the inductor is driven differentially 
as illustrated in Fig. 2. Here, ۸ܠ  and ۸ܡ  are vector quantities 
which flow radially out of the inductor turns. The current flow 
also obeys Ohm’s law, described by ۸ܡ,ܠ ൌ σ ∙  where σ is ,ܡ,ܠ۳
the substrate conductivity (S/m) and ۳ܡ,ܠ represents the electric 
field tangential to the surface of the substrate. It can be observed 
that there are X and Y-directed current flowing along the diago- 

 

 (a)    (b) 

Fig. 1. (a) Layout of the inductor with conventional PFS; (b) zoom-in view of 
the PFS. 

978-1-4799-5341-7/16/$31.00 ©2016 IEEE 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

2759 

  



 

              (a)        (b) 

Fig 2. Simulated surface current density on the substrate in: (a) X direction; (b) 
Y direction. 

-nal path underneath the octagonal spiral inductor.  Based on 
the simulated induced surface current density, this work pro-
poses an idea of blocking the capacitive induced current flow-
ing in the Y-direction by vertical metal strips, and the X-direc-
tion by horizontal metal strips, effectively covering the affected 
area induced by the capacitive coupling. 

B. DL-PFS 

The inductors are designed using 0.13-µm CMOS with 
thick top metal layer. Fig. 3 shows the layout of the inductor 
with DL-PFS. The horizontal metal strips are realized using the 
lowest metal-l, while the vertical metal strips are realized using 
metal-2 layer. The strips are 1-µm wide, separated by a 1-µm 
gap. Three sets of inductors, i.e. unshielded, with conventional 
PFS and the proposed DL-PFS are simulated using Sonnet EM 
for comparison. The resultant differential Q factor, Qୢ୧୤୤ and its 
differential inductance, Lୢ୧୤୤ are plotted in Figs. 4 and 5, respec-
tively, using the simulated S-parameter data defined by, 

Qୢ୧୤୤ ൌ Im	ሺZୢሻRe	ሺZୢሻ 																																										ሺ1ሻ Lୢ୧୤୤ ൌ Im	ሺZୢሻ2 ∙ π ∙ f 																																										ሺ2ሻ 
where 

																Zୢ ൌ 2 ∙ Z୓ ∙ 1 ൅ Sଵଵ െ Sଵଶ െ Sଶଵ ൅ Sଶଶ21 െ Sଵଵ െ Sଵଶ െ Sଶଵ ൅ Sଶଶ2 																		ሺ3ሻ 
and ܼை is the characteristic impedance of 50 Ω. EM simulation 
result reveals that the inductor with DL-PFS exhibits the highest 
peak Q of 38. At 10 GHz, the Q factors of the inductor without 
shield, with conventional PFS and DL-PFS are 21.5, 26.9 and 
37.5, respectively, where the DL-PFS exhibits a Q factor im-
provement of 74.4% and 40% when compared with the inductor 
without shield and conventional PFS, respectively. By effec-
tively blocking the electric field from penetrating into the sub-
strate, Lୢ୧୤୤  of the inductor with DL-PFS also increases as 
shown in Fig. 5, indicating an increased ability to hold the mag- 

 

 (a)    (b) 

Fig. 3. (a) Layout of the inductor with the proposed DL-PFS; (b) zoom-in view 
of the proposed DL-PFS. 

-netic field. Fig. 6 shows the comparison of the current density J୶୷ induced on the surface of the substrate at 10 GHz. For the 
unshielded inductor, the induced current is concentrated under- 

 

Fig. 4. Simulated Qୢ୧୤୤ of the 3 inductors. 

 

 
Fig. 5. Simulated Lୢ୧୤୤ of the 3 inductors. 
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                (a)         (b)             (c) 

Fig. 6. Magnitude of the surface current density on the substrate for the (a) un-
shielded inductor; (b) conventional PFS; and (c) DL-PFS. 

-neath the gap between the two inductor traces in parallel.  The 
inductor with conventional PFS is not effective in reducing the 
capacitive induced current. Yet, for the proposed DL-PFS, the 
induced current is greatly suppressed not only along the hori-
zontal and vertical traces, but also along the diagonal trace 
which consists of ۸ܠ and ۸ܡ as described earlier. 

 

III. IMPLEMENTATION OF A DL-PFS INDUCTOR IN A 

CLASS-B VCO 

In order to verify the impact of the inductor’s Q factor, three 
inductors are implemented in a class-B VCO, whose structure 
is shown in Fig. 7(a), which can be tuned from 9.7 to 10.93 
GHz, corresponding to a tuning range of 12%. It occupies a core 
area of 400 µm × 520 µm as shown in Fig. 7(b). Theoretically, 
the relationship between the Q and phase noise can be predicted 
by Leeson’s Equation [9] as 

Lሺ∆fሻ ൌ 10	 logଵ଴ ቈ 2FkTQଶPୢ ୧ୱୱ ∙ ൬f଴∆f൰ଶ቉																								ሺ4ሻ 
where F is the device noise contribution factor, k is the Boltz-
mann’s constant, T is the absolute temperature, Pୢ ୧ୱୱ is the av-
erage resistive power dissipation of the VCO across the LC tank 
or Pୢ ୧ୱୱ ൌ V୮ଶ R୮ൗ  and ∆f is the offset frequency. Based on (4), 
a 74.4% enhancement of the Q factor directly boosts the phase  

    

 (a)    (b) 

Fig. 7. (a) Schematic and (b) layout of the class-B VCO. 

noise performance by at least 4.8 dB. Fig. 8 shows the phase 
noise plot of the VCO at 9.7 GHz. The inductor with DL-PFS 
shows an improved phase noise performance of at least 5dB at 
a frequency offset higher than 1 MHz. Specifically, the differ-
ence in phase noise at 3 MHz is the highest, when the bias cur-
rent is 3 mA. As such, the inductor with DL-PFS achieves 122.9 
dBc/Hz, which is better than that using the inductor without 
shield (-116.5 dBc/Hz) and with conventional PFS (-116.8 
dBc/Hz), as shown in Fig. 9. This bias point also corresponds 
to the boundary between the current- and voltage-limited re-
gimes, where the output oscillation amplitude swings at the 
limit set by Vୈୈ ൌ 0.6	V, thereby maximizing the Figure-of-
Merit (FoM), defined by 										FoM ൌ 	Lሺ∆fሻ െ 20log ൬f଴∆f൰ ൅ 10log ൬ Pୈେ0.001൰									ሺ5ሻ 

 
 
Fig. 8. Simulated phase noise of the class-B VCO at 9.7 GHz. 
 

 
 
Fig. 9. Comparison of phase noise at the 3-MHz offset as a function of the bias 
current. 
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Fig. 10. Comparison of FoM at the 3-MHz offset as a function of the bias cur-
rent. 

where Pୈେ is the DC power consumption. Due to the higher Q, 
DL-PFS is able to achieve the highest FoM using the least 
amount of current, since the tank impedance, R୮ ≅ 2πf଴LQ 
now increases. As shown in Fig. 10, at 3 mA, the VCO with 
DL-PFS demonstrates a better FoM enhancement, namely of 
6.6 and 6.3 dB, corresponding to a FoM of -190.5 dBc/Hz better 
than the other two designs (i.e., -183.9 and -184.2 dBc/Hz). 
Even if the VCO with an unshielded inductor and with conven-
tional PFS can achieve an optimum FoM by consuming extra 
bias current of 4.63 mA, the FoM still loses out a value of 5 dB 
when compared with the proposed DL-PFS. The results are in 
line with Leeson’s phase noise equation (4). In other words, 
DL-PFS attains the maximum FoM as well as 34.5% in power 
savings, simultaneously. The comparison with the state-of-the-
art VCOs [10-12] is given in Table I. 

 

IV. CONCLUSION 

It has been demonstrated that the proposed DL-PFS tech-
nique is an effective shielding solution when compared to the 
conventional PFS method. By reducing the capacitive induced 
current in X and Y direction on the substrate using two metal 
layers, the inductor with DL-PFS boosts the Q factor by 40% if 
compared with the conventional PFS. Through the implemen-
tation of the inductor in a class-B VCO, the DL-PFS enables an 
FoM improvement of 6.6 dB and 34.5% reduction in power 
consumption concurrently. 
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Table I. 
Performance benchmark with the state-of-the-art VCOs. 

 

 
[10] 

ISCAS’15 
[11] 

ISCAS’15 
[12] 

MWCL’15 
This work* 

Technology 
0.18 µm 
CMOS 

0.18 µm 
CMOS 

65 nm 
CMOS 

0.13 µm 
CMOS 

Supply (V) 1.8 1.8 1.2 0.6 

Power (mW) 9.9 18 2.2 1.64 

Tuning Range 
(GHz) 

8.7-10.1 
(14.4%) 

1.3-2.1 
(44%) 

10.15-11.17 
(9.6%) 

9.7-10.93 
(11.9%) 

Phase noise 
@ Freq. Off-
set (dBc/Hz) 

−117.4 @ 
1 MHz 

−123.4 @ 
1 MHz 

−107.73 @ 
1 MHz  

−122.9 @ 
3 MHz 

FoM (dBc/Hz) −186.4 −175.4 −185 −190.5 

* Simulation Results 
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