V. Conclusion

Using PISCES2H-B, a methodology for modeling RF MOS devices is described. The model is verified with IV and CV characteristics and used in harmonic balance simulation. The simulation results are compared to experimental data to verify their accuracy. Once proven reliable, variations in the parasitics, device structure, and matching network are analyzed.

VI. Acknowledgments

The authors would like to acknowledge Boris Troyanovsky of Hewlett Packard for his major contributions to the development of PISCES2H-B. In addition, the following Motorola people provided technical support and measurement data: Richard Pearl, Terrill Spoon Hunter, Mike Shields, and Eric Johnson. This work was funded by the Semiconductor Research Corporation under Task 116.003 at Stanford University.

VII. References

[1] B. Troyanovsky, F. Rotella, Z. Yu, R. Dutton, and J. Sato-Iwanga. “Large Signal Analysis of RF/Microwave Devices with Parasitics Using Harmonic Balance Device Simulation.” SASIMI. Fukuoka, Japan: Nov. 96.

[2] F. Rotella, B. Troyanovsky, Z. Yu, R. Dutton, and G. Ma. “Harmonic Balance Device Analysis of an LDMOS RF Power Amplifier with Parasitics and Matching Network.” SISPAD. Boston, MA: Sept. 97.

[3] G. Ma, W. Burger, C. Dragon, and T. Gillenwater. “High Efficiency LDMOS Power FET for Low Voltage Wireless Communications.” Proceedings of IEDM. San Francisco, CA: December 1996.

[4] J. Cusak, S. Perlow, and B. Perlman. “Automatic Load Contour Mapping for Microwave Power Transistors.”

Trans. on Microwave Theory and Techniques. Vol. MTT-22, No. 12, December 1974.

[5] F. Rotella, G. Ma, Z. Yu, and R. Dutton. “Design Optimization of RF Power MOSFET’s Using Large Signal Analysis Device Simulation of Matching Networks.” SISPAD. Leuven, Belgium: Sept. 98.

Gain

Efficiency

Z_O = 10 Ω

Contours

Contours Selected Network

Simulated

Simulated

Figure 5: Comparison of experimental and simulated load-pull analysis. The darken point represents that matching network used in the earlier RF response.

Gain

Efficiency

Experimental Load-Pull Results the matching networks are optimized for the real device and hence, may not be ideal for the simulated device albeit fairly close. Second, the device exhibits self-heating under high power operation. The net result is degradation at these higher power levels causing the gain to fall at a lower P_{out} than the simulated results.

With this verified model, effects due to changes in either parasitics or physical model can be analyzed. For example, consider a design of experiments (DOE) where the effect of the gate resistance, Faraday shield capacitance (C_{gs} (E)), and source package inductance (L_s) are allowed to vary within their physical limits. Fig. 4 shows the effect of these variations on efficiency. The first plot shows the primary affect caused by the change in the gate resistance. Secondary affects in the adjacent graph are shown for the source inductance and Faraday shield capacitance.

Gain and efficiency depend upon the matching networks that connect the signal source and load to the amplifier. One of the important design choice is to make sure that a good matching network allows for a smooth impedance transition from the input signal to the input impedance of the amplifier and then to the load impedance. The goal is to have the network transmit at the fundamental frequency without reflections or attentuation due to filtering and likewise have the network filter out higher order harmonics without reflections back into the amplifier.

To determine the optimum matching network, load-pull analysis is used to sweep across different network configurations over the range where one expects to find the optimum[4]. Fig. 5 shows experimental contour plots for gain and efficiency on a Smith chart which is used to represent the different reflection coefficients of the output matching network[5]. The characteristic impedance of 10Ω is used in the plot to make the results more clearly visible The darken point on the graphs indicates the matching network used to generate the earlier plot of gain and efficiency. The selection criteria for this point depend upon the application for the device. The alignment of the maxima and the shape of the contours demonstrate that the simulated results (Fig. 5) agree with the experimental data.

Figure 3: RF responses for gain and efficiency of a power amplifier.

0 15 30 45 60 75

16 18 20 22 24 26 28 30 32 34 0 5 10 15 20 25

Experimental Simulated

Efficiency

Gain

Pout (dbm)

PAE (%)

Gain (dbm)

54 56 58 60 62 64 66 68

30.5 31.0 31.5 32.0 32.5 33.0 33.5

Efficiency (%)

Pout (db)

Nominal

Increasing R_{gate}

63 64 65 66 67 68

32.0 32.2 32.4 32.6 32.8 33 33.2 33.4 Pout (db)

Reducing C_{gs}

Reducing R_{gate}

Reducing L_s

Reducing L_s

Increasing C_{gs}

Increasing L_s

Increasing L_s

Figure 4: Effect of variations in the parasitic components on the efficiency.

Decreasing R_{gate}

electric field at the drain side of the device and optimizes R_{ds}(on), BV_{dss}, and C_{dg}. A metal field plate (i.e. Faraday shield) reduces the electric fields a the edge of the gate thereby increasing the breakdown voltage and reducing C_{dg}.

The model for the device is show in Fig. 1b. Only the intrinsic device is used in the PISCES device simulation while the rest of the device is modeled with linear circuit components. The components labeled with (E) represent the contribution from the electrode contacts. The components labeled with a (P) are those parasitics from the pad. In addition, not shown in the diagram are the parasitics from packaging such as inductances. Matching networks connect the amplifier to the source and 50 ohm load while a biasing network establishes the operating point for the device.

III. Modeling Tuning

The values for the parasitics are determine by analyzing the individual contributions in PISCES and then tuning the model to meet measured IV and CV characteristics. The electrode’s capacitance are obtained in a PISCES simulation of the interconnect structure. To find the pad components, a 1 micron square section is simulated and then scaled to the area of the pads. Finally, for the source resistance, the sinker and substrate are simulated without the device present to a value for this resistance.

Fig. 2a shows the measured IV characteristics with the model’s simulated results. The simulated IV characteristics are tuned to the measured characteristics by adjusting the doping profile of the intrinsic device. The profiles are tuned by adjusting parameters that determine how the one dimensional profiles are spread into two dimensions within their physically realizable limits. From the fitting of IV characteristics the extracted source resistance matches that of the simulated source resistance of the sinker structure.

Fig. 2b shows the standard CV plot for C_{gs}. Note that parasitic components add about 10% to the measured value of the capacitances. Like the source resistance, the CV characteristics are used to tune the external parasitics in addition to the intrinsic parasitics. This tuning should lead to parasitic component values that are equivalent to those determined from the independent simulation of the interconnect and pad structures.

IV. Harmonic Simulation

Given a model that agrees with measured characteristics, it is now possible to analyze its large signal sinusoidal response for a power amplifier incorporating this device. Fig. 3 shows the simulated and experimental power gain and efficiency for a single large signal sinusoidal input at 850Mhz. The gain rolls off at higher power levels because the device operates in g_m compression and the output power is limited by the saturation current. The efficiency is low for small P_{out} because the device drains more power in Class A operation. Efficiency increases until just after the gain starts to roll off. At this point, P_{in} approaches P_{out} resulting in very little power added to the input signal.

The simulated results approximate that of the experimental results. Errors come primarily from two sources. First the IV and CV characteristics are matched fairly well, but they are not exact. The primary impact of this difference is that

Cgs (nF)

V_{gate} (V) 12 13 14 15 16 17 18 19 20

-4 -2 0 2 4

Figure 2: Comparison for one each of the simulated and measured (a) IV and (b) CV characteristics.

10^{-9}

10^{-8}

10^{-7}

10^{-6}

10^{-5}

10^{-4}

10^{-3}

10^{-2}

10^{-1}

10^0

0 1 2 3 4 5 V_{gate} (V)

Idrain (A)

V_{drain} = 0.1V

V_{drain} = 6.0V

Simulated w/ Parasitics Simulated w/o Parasitics

Simulated Experimental

Simulated Experimental

(a) (b)

Modeling and Simulation of an RF LDMOS Device Using Harmonic Balance PISCES

F. M. Rotella^a, G. Ma^b, Z. Yu^a, R. W. Dutton^a

aCenter for Integrated System

Stanford University Stanford, CA 94309 bMotorola Inc.

Semiconductor Products Sector 2100 East Elliot Road Tempe, AZ 85284

Abstract

This paper discusses the methodology and results for modeling and simulating RF MOS devices utilizing an harmonic balance (HB) device simulator. An equivalent circuit model is developed based upon the physical device structure and layout. This model is calibrated and compared to experimental IV and CV characteristics of LDMOS devices. Using the tuned model, harmonic balance simulations are shown to predicted measured experimental results. Perturbations to the device design can be reflected in the model and used to analyze the consequences of process and layout variations.

I. Introduction

In order to accelerate the design phase of new devices, simulation tools provide valuable insight into performance. For RF devices, Stanford and HP jointly developed an harmonic balance version of PISCES for analyzing a device in the frequency domain [1]. In addition, the PISCES simulator allows parasitics to be included through a set of boundary condition equations [2]. Using this simulator, RF LDMOS devices are modeled with the intrinsic device represented physically in PISCES and the extrinsic components and parasitics represented as linear circuit elements. This model is verified to match experimental measurements and then used to analyze the parasitic components and matching network.

II. Model Development

Fig. 1a shows the cross section of an LDMOS device [3]. A laterally diffused graded channel enhances RF performance, prevents punch-through, and increases the device transconductance. A P+ sinker connects source and substrate together to eliminate extra bond wires and provide for a back side contact. An N- LDD decreases the

Figure 1: (a) RF LDMOS power device and (b) model showing parasitic components.

Drain

Gate

Source

P+ Sinker

N+ P- Channel

P- Epi

N- Ldd N+ P+ Enhance

Gate Plate

P+ Substrate

Drain

Gate

Backside Source

P+ Sink er

N+ P- Channel

P- Epi

N- Ldd N+ P+ Enhance

P+ Substrate

C_{gs}(E)

C_{ds}(E)

C_{dg}(E)

R_{source}

R_{gate}

C_{ds}(P)

R_{ds}(P)

C_{gs}(P)

R_{gs}(P)

(a) (b)