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Abstract:  We demonstrate multi-Gbps pulse signaling with 100um diameter coupled inductors across a substrate to substrate interface. This has application in realizing sub-mm pitch surface mount zero insertion force (ZIF) connector interconnect structures.  
1. Introduction:  

Press-fit style connections are the most mature and conventional method typically used for implementing a connector structure [1]. These technologies require plated through-hole (PTH) vias for mating with pins. PTH vias can disrupt the return path which in turn increases the return path inductance and crosstalk, particularly at higher frequencies. They also introduce impedance mismatch problems at high frequencies due to reflections from stubs created in multi-layer package and board trace routing. Mechanically mated connectors are also subject to wear and tear due to insertion force and repeated use. Inductively coupled interconnects have shown potential for multi-Gbps signaling in chip to chip communication and 3D IC’s [6, 7]. They can have application in level 2 and level 3 interconnections as well [2]. In our previous work we established a basic proof of concept for inductive connectors through RF and digital measurements of 2.5mm~10mm outer diameter inductively coupled test-structures built on low cost printed circuit boards [2].  We demonstrated potential for 1.45Gbps pulse signaling and also demonstrated feasibility for NRZ signaling with bandlimited data at 3.3 Gbps. To have a real application inductive connectors or sockets need to be able to achieve a sub-mm pitch to compete with other connectors and sockets available commercially. The goal of this work is to determine potential for 2~10 Gbps pulse signaling with sub-mm pitch surface mount zero insertion force (ZIF) inductively coupled elements. Figure 1 shows a high level depiction of the end goal of our work. In the long-term such a structure can potentially be implemented by using low profile land grid array (LGA) style interconnections. Insertion force and mechanical stress is a problem in high pin count interconnections and this can be addressed by using inductively coupled elements for high speed signal connections while using fuzz buttons for power, ground connections and to provide a rigid mechanical interface [5].
2. Design Issues: 

An ideal transformer is a high pass filter and the value of inductance sets the 3dB high pass coupling frequency for the filter. Transformers can be used in theory for NRZ or pulse signaling. However NRZ signaling with a transformer in a 50 ohm system needs fairly large values of inductances to be able to couple data across a wide band of frequencies from DC to the knee frequency corresponding to the digital edge.  Achieving high BER’s for PBRS data with frequency content as low as 100 MHz would require inductance values close to 40nH. It is unrealistic to realize 40nH inductance values in a sub-mm pitch with available trace and via feature sizes in laminate processes. The alternative is to use transformers with smaller inductance values for pulse signaling. Here inductors are used to transfer the information in the edge. An inductor has an associated decay time, which sets a limit on the signaling data rate. For example a transformer realized with 5nH inductors takes 1ns to decay down, which implies a maximum signaling data rate of 1Gbps if no equalization is used in the system to filter the tail. Since we are interested in Gbps pulse signaling this sets the upper limit on the value of inductance. An approximate rule of thumb is that the signaling data rate for an inductively coupled system is about 1x~2x times the 3dB high pass coupling frequency of the transformer. The lower limit on the value of inductance is set by the signal swing required in the end application for the connector or socket structure when it is plugged in a real system.  The mutual inductance between two spiral inductors is directly proportional to the square root of the inductances and hence it is hard to achieve good magnetic coupling when the inductance values are extremely low. 
           Impedance matching for an ideal transformer is possible only upwards of its 3dB high pass coupling frequency since achieving a good return loss also needs maximum forward power transfer (S21). A real world transformer has leakage, parasitics, crossover capacitance (Cc) between the coils and it behaves more like a bandpass filter.  This makes impedance matching hard and crossover capacitance (Cc) can be used to compensate for the high frequency roll-off in the forward transfer function and also to tune the return loss as discussed in [2]. Figure 2 shows that broadband S11 >= -10dB for a transformer can be achieved through a combination of 50 ohm series termination and crossover capacitance. Crossover capacitance can be used to tune the return loss at higher frequencies. Controlling the low frequency return loss needs lossy elements like a series resistance since electrically a transformer is a short-circuit at DC.  Although we are using the transformer for “pulse signaling”, a digital NRZ input signal is broadband in nature. This makes impedance matching necessary for the low frequency components as well. Figure 3 shows step response for the transformer model shown in Figure 2 for increasing values of crossover capacitance from 100fF to 400fF. A point to be noted is that excess crossover capacitance can negatively impact transformer step response due to overshoots and oscillations. So the value of crossover capacitance chosen to tune the frequency response should be as small as possible.  In Figure 3 the magnitude of the overshoot approaches 1/12th of the signal swing when the crossover capacitance is 400fF.  
3. Experimental work:
We fabricated inductive test-structures through RTI in a 3 metal layer substrate process with similar physical structure, assembly and layout to the one reported in [4]. The inductors fabricated had outer diameters ranging from 100um to 500um and had trace width/spacing of 5um/5um to 25um/25um. One of the substrates was flipped onto the other substrate with buried bumps to create the test interface for characterizing inductive coupling.  The air gap spacing between the inductors on the substrates is estimated to be 5~8um based on best case and worst case capacitor measurements which were made across the same interface. Figure 4(a) shows a cross sectional view of the test-setup and Figure 4(b) shows a sample photo of an inductor on the bottom substrate. Figures 5(b) and 5(c) shows the measured eye diagram for a 100um diameter transformer for 27-1 PBRS data at 4.25 Gb/sec and 8.5 Gb/sec with 25ps edge rates. Frequency domain measurements were made from 50 MHz to 18 GHz with a HP8510 network analyzer with 100um pitch GS probes and are shown in Figure 5(a). Figure 6(a) shows the electrical model for the transformer. Values of magnetic coupling coefficient (K) and inductance in the model were extracted using Asitic. Lossless transmission line models from ADS were used to include the effect of the 50 ohm feedlines from the probe pad to the inductor. The lengths of the feedlines are asymmetric since there are multiple columns of inductor experiments which need to be routed to corresponding probe pads. Shunt capacitive parasitics are very small and make minimal impact on the model since the inductor is on a low loss substrate as opposed to conductive silicon. Also the ground plane is removed in the area immediately surrounding the inductor to reduce shunt capacitive parasitics and to prevent eddy currents. Note that a simple circuit model provides a broadband match from 50MHz to 18 GHz for both phase and magnitude information due to the lumped nature of the transformer. This would save a lot of simulation time which is needed for full wave EM simulations in commercial connectors. Table 1 summarizes measurements made on two transformer experiments. We are able to achieve 8.5 Gb/sec signaling with a 100um diameter transformer which is built with 1.2nH coils. The 3dB bandwidth is fairly high for this structure and this could help in scaling to higher data rates in the future. The goal of these substrate assembly experiments were to determine best case signaling data rate and pitch for transformer interconnect structures in a process accessible to us.  In a high end laminate process with 50um trace width/space and 50um vias a 1.2nH inductance can be realized in a 400um diameter structure. Crosstalk constraints would drive the spacing between adjacent inductors to be 1/5th of the outer diameter [2].  This implies that we can build 480um pitch inductive connectors in a laminate technology and these can be single ended or even differential.

           The return loss characteristics in Figure 5(a) are poor because the crossover capacitance between the two inductor coils in this measurement is very small and is estimated to be 9~15 fF from simple parallel plate formulae. Since the gap spacing is fixed by the solder bump height it is hard to vary the crossover capacitance in measurement. Improving the high frequency return loss for this structure requires a boost in the cross-over capacitance through increasing trace width, reducing gap spacing or increasing dielectric constant without degrading step response of the transformer. Low frequency return loss can be improved through a 50 ohm discrete series terminator on board. The tradeoff in achieving the improved return loss with the 50 ohm discrete termination is more attenuation and high frequency parasitics. In a system application an inductive connector would be used to communicate over 10cm to 1m long lines on FR4 and in this case the losses in the line can be used to dampen out the reflections as well.

4. Conclusion:  This paper demonstrates multi-Gbps pulse signaling with 100um diameter transformers with 5um width/space wires across 5um~8um air gap in a substrate to substrate interface. If a similar demonstration could be completed in a laminate type process with 25um to 50um width/space wires with sub-mm diameter transformers there would be a definite application for inductive connectors in multi-Gbps pulse signaling.
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Figure 1: Inductively coupled connector concept       
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Figure 3: Step response to a 70ps rising edge for transformer model in Figure 2(a) when Cc varies from 100fF to 400fF
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2 (a) Lumped transformer model
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                       2(b) Frequency response   

Figure 2:  Lumped model for transformer and 
 frequency response
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4(a) Cross-sectional view           4 (b) Photo of
                                                    Inductor on substrate
Figure 4:  Test frame for characterizing inductive coupling 
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6 (a) Lumped circuit model
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6 (b) Measured vs simulated S21, S11 (Mag)
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6 (c) Measured vs simulated S21 (Phase)

Figure 6: Measured vs simulated results
for 100um diameter transformer (T1)
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5 (a) Measured S21 and S11
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5(b) Eye diagram at 4.25      5 (c) Eye diagram at 8.5 
Gb/sec                                    Gb/sec
Figure 5:  Measured data for a 100um diameter transformer (T1) (with 1.22nH inductors realized with 5um trace width/space) across a gap spacing of 5~8um.
	Transformer Sample # (100um Outer diameter)
	Inductance (from Asitic)
	3dB high pass coupling frequency
	3dB bandwidth
	AC coupled eye opening

	T1 
	1.22nH
	3.6 GHz
	15.2 GHz
	400mV pp @ 4.25 Gb/sec

200mV pp @ 8.5 Gb/sec

	T2 
	4.12nH
	947 MHz
	8.6 GHz
	550mV pp @ 1.25 Gb/sec

450mV pp @2.5Gb/sec




Table 1: Summary of transformer Measurements 
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