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1. Introduction 

A wireless transceiver utilizing inductive coupling has been 
proposed ([1-3]) for System in a Package (Fig. 1). The transceiver 
communicates at 1Gbps/channel between stacked chips [1]. By 
arranging the transceivers in a channel array, 195Gbps [2] and 
1Tbps [3] data bandwidth is achieved. This paper discusses scal-
ing theory based on constant magnetic field. The theory is verified 
by simulation and measurement results in 0.35, 0.25, 0.18µm and 
90nm CMOS. 
 
2. Theory for Inductive-Coupling Data Link 

In the inductive-coupling data link, a transmitter changes 
transmit current IT in a transmitter inductor according to data and 
a receiver senses induced voltage VR to recover the data. VR is 
given by 

          VR=M(dIT/dt)=kL(dIT/dt)               (1) 
where M is a mutual inductance between the inductors and k is a 
coupling coefficient. k denotes how much magnetic flux reaches 
between the inductors therefore k is mainly determined by physi-
cal shape such as inductor diameter and vertical distance. L is a 
self inductance of the transmitter and receiver inductor (same 
inductor is used for both transmitter and receiver) which is ap-
proximately given by 

L=L0n2D1.5                    (2) 
where L0 is a self inductance of 1 turn inductor at a unit area, n is 
a number of turns, D is a diameter of the inductor. Validity of 
Eq.(2) will be verified by simulation and measurement results in 
Section 4. In addition, dIT/dt can be approximated by 

dIT/dt=ID/tpd                   (3) 
where ID is drain current and tpd is propagation delay. As a result, 
VR is given by 

VR = kL0n2D 1.5 ID/tpd.                (4) 
 

3. Constant Magnetic Field Scaling 
Even when channel is scaled down, VR should be constant to 

maintain a bit error rate. Figure 2 summarizes scaling factors in 
Eq. (4). The transistor size and supply voltages are scaled by 1/α 
with maintaining ID/tpd constant [4]. By thinning chip thickness T 
to reduce communication distance X, k remains constant if the 
inductor is scaled down by 1/α because of constant magnetic field. 
Also crosstalk condition will not be degraded. Since L0 is constant, 
if n2D1.5 in Eq. (4) is also constant, VR becomes constant. To keep 
n2D1.5 constant value, n should be increased by α0.75 (to simplify, it 
is expressed α0.8 in this paper). n can be increased by utilizing 
increased number of metal layers. Finally, by the scaling, aggre-
gated bandwidth per area will be increased and energy per bit will 
be reduced by a factor of α3. 

4. Simulation and Measurement Results 
In Eq. (4), L0 and ID/tpd are constant so that the proposed scaling 

theory is verified when k and n2D1.5 are constant. 
At first, it is confirmed by a simulator [5] that k becomes con-

stant when the inductor’s diameter and the chip thickness are 
scaled down simultaneously. To confirm this assumption one turn 
inductors are simulated by varying scaling parameter D, T, w.  
Figure 3 shows the result where horizontal axis expresses com-
munication distance and the solid line expresses k. w is assumed 
to D/10 for simplification. In this figure, for example, a k value 
where D/X becoming 2 are k=1.8 in α=1 (D=300µm), k=1.8 in 
α=2 (D=150µm), k=1.8 in α=3 (D=100µm), and so on. This result 
shows that k becomes constant value if D, X, (w) are scaled down 
with same rate. 

Next, it is confirmed by the simulator that the term n2D1.5 be-
comes constant value in scaled inductor. This result is shown in 
Fig. 4. Simulated inductor has parameters that D=300µm, n=1 
when α=1 and α is increased to 10. As shown in Fig. 4, n2D1.5 

agrees very well to the simulated result. This result shows that 
proposed scaling rule is correct. 

The proposed scaling theory is verified by measurement results. 
Figure 5 shows scaling parameters of the inductors utilized for 
previously fabricated chips [1-3] in 0.35, 0.25, 0.18µm CMOS 
and a newly-developed chip in 90nm CMOS. These inductors 
have a parameter which dose not follow scaling rule perfectly. But 
the ratio of L/(L@0.35) and n2D1.5/( n2D1.5@0.35) well agree with 
each other. 

Frequency characteristics of inductor become problem in scaled 
inductor. In this paper, single pulse communication is assumed. If 
center frequency of signal is near to the resonant frequency of 
inductor, inter signal interference is getting worse. The pulse's 
center frequency and resonant frequency should be part enough to 
maintain good bit error rate. Figure 6 shows the resonant fre-
quency and maximum frequency of pulse generation circuit which 
is used at transmitter in paper [2]. In this figure, inductors have a 
same parameter as shown in Fig. 5. This graph shows that the 
resonant frequency is higher more than pulse's maximum fre-
quency. From this result, the resonant frequency will not become 
an issue in scaled inductor. 
 
5. Conclusions 

A constant magnetic field scaling for inductive coupling data 
link is discussed. It indicates that the bandwidth per area will be 
increased and energy per bit will be reduced by a factor of α3 
when the chip thickness is reduced as technology is scaled by α. 
Simulation and measurement results have good agreement with 
the theory. 
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Fig. 1. Inductive-coupling data link. 
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Fig. 2. Constant magnetic field scaling. 
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Fig. 3. Simulated coupling coefficient dependence on communi-
cation distance and diameter. 
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Fig. 4. Simulated and calculated self inductance. 
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Fig. 5. Scaling parameters in fabricated chips. 
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Fig. 6. Simulated self resonant frequency and maximum operating 
frequency of pulse generator depending on process. 
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