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22 Single-Sideband Phase NoiseThe single-sideband phase noise L(fm) of free running oscillators can be cal-culated by solving Eq. (1.1) and using a perturbation approach (K�artner [5])L(fm) = �f3dB�f 2m + !20jg1;0j2 cj2�fmj2+� (1.2)with �f3dB = 14�!20 1T0 Z T00 v(x(t))TG(x(t))�(x(t))G(x(t))Tv(x(t))dtand g1;0 = 1T0 Z T00 v(x)Tg(x)dt:The �rst term on the right hand side of Eq. (1.2) describes the phase noisecaused by the white noise sources. v(x(t)) is the left-sided eigenvector of theeigenvalue 1 of the fundamental matrix 	(T0; 0). The matrix � denotes thecorrelation matrix of the white noise sources. The second term of Eq. (1.2)describes the phase noise caused by the baseband noise. The factor g1;0characterizes the upconversion of the baseband noise to the carrier frequency!0 = 2�=T0. The modulation of the f�� noise source due to the oscillation istaken into account as well as the upconversion of the baseband noise causedby the nonlinearities in the circuit. The factor c is derived from basebandnoise measurements. fm is the o�set frequency where the single-sidebandphase noise is to be calculated. The functions x(t) and v(t) depend on thedesign parameters p of the circuit (e. g., capacitors and inductors of thelinear network) by the system of 2n nonlinear di�erential equations derivedfrom (1.1)_x(t) = f(x(t);p); (1.3)_v(t) = � �@f(x(t);p)@x �T � v(t); t 2 [0; T0] (1.4)and 2n+ 1 boundary conditionsr(x(0); v(0); x(T0); v(T0)) = 0: (1.5)3 Optimal Control ProblemThe minimization of the phase noise L(fm) with respect to the design pa-rameters p and subject to Eqs. (1.3) { (1.5) is an optimal control problem
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3with p as (constant) control function from a �nite dimensional control spaceand x and v as state variables of the optimal control problem. The opti-mization problem is solved numerically by the direct collocation methodDIRCOL [9]. The method is based on a discretization of the state variablesby piecewise cubic spline functions satisfying the dynamic equations at thegrid points of a time grid and at the centers between (cf. Hargraves, Paris [4]and [8]). By this approach, the optimal control problem is transformed to a(�nite dimensional) nonlinearly constrained optimization problem that canbe solved by the Sequential Quadratic Programming method due to Gill etal. [2]. Compared with other methods for solving optimal control problemsthe direct collocation method is easy-to-use (as knowledge of optimal controltheory is not required), robust (not much information on the solution is apriori required) and reliable (if accuracy requirements are not too high) [9].4 Numerical and Experimental Results

Fig. 1 Equivalent circuit of the oscillator to be optimized.The new method to improve the design of oscillators is applied to mini-mize the single-sideband phase noise of a planar integrated [3] free running
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4microwave oscillator at 15 GHz [1], [6]. A GaAs MESFET NE710 is usedfor the active element which is connected at the gate and source terminalswith microstrip lines as resonators. The equivalent circuit of the oscillator isdepicted in Fig. 1. In this special case, the �ve design parameters LG1, CG1,LS1, LS2, and CS2 of the linear network are optimized subject to a system of20 highly nonlinear di�erential equations (1.3), (1.4). Only the upconvertedbaseband noise to the carrier frequency is taken into account to minimizethe single-sideband phase noise L(fm) in Eq. (1.2). After the computationof the optimal values of the �ve design parameters a prototype MIN2 of thenew designed oscillator has been manufactured [6] (Fig. 2).
Fig. 2 Layout of the original oscillator O8 (left side) and of the optimizedoscillator MIN2 (right side) with a scaling factor of about 10:1.The measured output power of the reference oscillator O8 is 12.7 dBm com-pared with the output power of 14.4 dBm of the oscillator with the mini-mized phase noise. For the prototype MIN2 a reduction of 8 dB of the phasenoise caused by the upconverted baseband noise is measured at a frequencydeviation of 10 kHz compared to the original oscillator O8 (Fig. 3) [1], [6].The di�erence of the measured (||{) from the calculated single-sidebandphase noise ({ � { � {) of the optimized oscillator is mainly due to deviationsin the technical data of the elements used to manufacture the prototypeMIN2. The measured peaks between 400 kHz and 7 MHz are due to exter-nal interferences.
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Fig. 3 Measured (||{) and simulated single-sideband phase noise of the originaloscillator ({ { {) and the oscillator with minimized phase noise ({ � { � {).5 ConclusionsA new method for the design of microwave oscillators with minimizedphase noise has been outlined and successfully applied to reduce the single-sideband phase noise of a certain high frequent oscillator. With the newmethod a signi�cant reduction of the phase noise is achieved in both simu-lation and experiment. Hereby neither the use of additional elements in thecircuit nor the manufacture of lines of prototypes in advance is required.Acknowledgement. The authors gratefully acknowledge the support by theDFG and FORTWIHR and the helpful discussions with the colleagues from theOscillator Group of Prof. Dr. techn. P. Russer and from the Numerical Analysisand Optimal Control Group of Prof. Dr. Dr. h.c. R. Bulirsch at the Munich Uni-versity of Technology.
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