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Abstract—This letter presents a methodology of designing 

integrated filter-oscillators using the coupling matrix technique. 

The N+4 coupling matrix is developed for the first time to describe 

the filter-oscillator topology. Accordingly, the corresponding 

group delay, loop gain, loop phase and complex quality factor of 

the feedback filter can be calculated using the matrix. This helps 

rapidly predict oscillating frequencies at group delay or complex 

quality factor peak frequencies to achieve lower phase noise. 

Moreover, since the transistor and the transmission line entries are 

incorporated in the coupling matrix, the physical geometries can 

be directly determined, resulting in improved design efficiency. 

Two third-order filter-oscillators are implemented at 2.91 GHz 

(group delay peak) and 3.15 GHz (complex quality factor peak) 

frequencies, respectively. The developed filter-oscillators are 

measured with -121 dBc/Hz and -145 dBc/Hz phase noise at 1 MHz 

offset frequency, validating this coupling matrix based co-design 

approach. 

 Index Terms—Active coupling matrix, transistor, resonator, 

filter-oscillator. 

I. INTRODUCTION 

ICROWAVE oscillator is mainly employed as a local-

oscillating (LO) signal source in radar and wireless 

communication systems [1]-[3]. It can be designed with an 

integrated bandpass filter in the feedback loop as the frequency-

selective element. The integrated filter, formed of multiple 

resonators, can significantly improve the oscillator’s phase 

noise performance by adding more resonators [1]-[2]. In order 

to maximize phase-noise performance, the oscillating 

frequency is often determined at the peaks of the group delay or 

the complex quality factor, according to the phase-noise figure-

of-merit (PNFOM) formula [2]. 

 Conventionally, in a filter-oscillator, the filter and the 

oscillator are designed separately as follows: 1) the filter is 

designed, and then the oscillation frequency can be determined 

by the simulated filter response and the PNFOM formula; 2) the 

transistor amplifier is designed to provide the required gain, and 

its phase response is obtained; 3) the transmission line (TL) in 

the feedback loop is determined by cascading the filter and the 

amplifier to fulfil the “Barkhausen” oscillation criteria [2]. The 

design procedure is shown in Fig. 1. All the above steps should 

apply time-consuming electromagnetic (EM) simulation to 

obtain the desired results. 
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 In this work, the classic filter synthesis based on the 

coupling matrix is extended and applied in the design of 

integrated filter-oscillators. The new N+4 coupling matrix 

incorporates transistor elements (corresponding to gain) and TL 

entries (corresponding to electrical length). It can calculate the 

loop gain, phase, S-parameters, complex quality factor and 

group delay. Oscillation frequencies corresponding to the group 

delay peak or the complex quality factor peak can also be 

predicted. It can be rapidly calculated using the coupling 

matrix, instead of modelling and simulating complex physical 

structures. Moreover, the physical construction and 

dimensioning of the integrated circuit can be guided by a single 

coupling matrix as an entity. The independent design steps 

using EM simulations are eliminated.  This is not possible with 

conventional design techniques. The coupling-matrix based co-

design approach streamlines the design procedure and can be 

used to improve the design efficiency. 

II. COUPLING MATRIX FOR FILTER-OSCILLATOR DESIGN 

The topology and the circuit of the filter-oscillator are 

schematically illustrated in Fig. 2(a) and (b). The feedback 

transfer function H(jω), as in a general oscillator model (Fig. 

2(c)) is realized by a resonator-based filter. The coupling 

topology is shown in Fig. 2(a), where the black circles denote 

the resonators. The grey circles indicate the TLs, treated as non-

resonant nodes, providing loop phase control. The triangle 

represents the transistor amplifier and YL is the 50 Ω output 

load. For the equivalent circuit in Fig. 2(b), the filter is formed 

of parallel LC resonators coupled by J inverters. Admittance YT 
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Fig. 1  Filter-oscillators design using conventional and the coupling matrix 

based method. 
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represents the TLs and the transistor is represented by the small-

signal equivalent lumped circuit. In this example, we use a 

third-order filter (N = 3). In order to calculate the circuit 

responses, we add two probe ports (Port 1 and Port 2) at the 

ends. 

Apply Kirchhoff’s law at each node of the circuit and write 

down equations in matrix form. This impedance/admittance 

matrix of the network can be manipulated and transferred to the 

general coupling matrix [A], given in (1). The detailed matrix 

manipulation process is given in [4] and [5], and have been 

applied in our previous work of filter-amplifiers [5]-[7]. 

Different from the previous active matrices in [5]-[7], the newly 

synthesized coupling matrix includes the non-resonating nodes 

to represent TL. This is specifically useful in designing 

oscillators. Moreover, complex quality factors can be calculated 

to determine the oscillating frequencies. Note that the matrix [A] 

contains a passive submatrix [A1] denoting the loop filter and 

an active submatrix [A2] indicating the transistor.  

mi,j (i, j=1 to N)is the inter-resonator normalized coupling 

coefficient in a conventional filter, which can be calculated 

from the g-values of the low-pass prototype [8]. The external 

coupling coefficients of the 1st resonator (m1,TAin) and the 3rd 

resonator (m3,Tin) can be calculated by 

     (2) 

where qe1 and qe3 are normalized quality factors of the 1st and 

3rd resonator and they also can be obtained according to the 

classic filter synthesis [8]. 

The non-resonance nodes (the TLs) are represented by the 

admittance YT11, YT12, YT21 and YT22 as 

    (3) 

where  is the phase of the TL. The frequency variable p is 

defined by  

                           (4) 

where ω is the angular frequency. The transistor’s equivalent 

circuits can be extracted from the manufacturer datasheet.  

As illustrated in Fig. 2(a), passive filter responses of 

reflection coefficient (S22) and transmission coefficient (S32), as 

well as the open-loop gain (S21) can be calculated by  

  (5) 

Here, n is the dimension of the matrix. The group delay can be 

expressed by [9] 

            (6) 

Referring to the complex quality factor (Qsc) definition from the 

Lesson oscillator spectrum noise model [1], Qsc can also be 

expressed by the coupling matrix. Since Qsc was derived using 

the passive network [10], it is related to the submatrix [A1] as 

      

 (7)  

 
Fig. 2. (a) Filter-oscillator.  (b) Equivalent lumped circuit of the filter-oscillator. Ygs, Ygd, and Yds are the admittances between transistor’s gate, source and drain; gm 

is the transconductance. YT11, YT12, YT21, and YT22 are the admittance matrix elements of the TL sections. Port 1, port 2 and port 3 are the open-loop test ports. (c) 

Block diagram of a feedback oscillator. (d) Schematic of the filter-oscillator. 
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Our example is a 3-pole Chebyshev filter, with a center 

frequency f0 of 3 GHz, 150 MHz bandwidth (FBW=0.05) and a 

return loss of 20 dB. The micostrip hairpin resonators are used 

to construct the bandpass filter, as illustrated in Fig. 2(d). The 

corresponding external Q is 17.03. The inter-resonator 

couplings are: M1,2 = M2,1 = 0.0516; M2,3 = M3,2 = 0.0516. The 

extraction procedure of the external Q and the coupling 

coefficients are introduced in [8]. The ATF-54143 transistor is 

used [11] and admittance parameters are: Ygs = 3.6843 + 

2.2731j, Ygd = 0.3030 + 0.4595j, Yds = 0.8920 + 2.0972j and gm 

= -15.2452 - 23.0591j. The S-parameter response of the filter is 

given in Fig. 3(a). Substituting (1) into (6) and (7), the group 

delay and complex Q response can be calculated, as shown in 

Fig. 3(b). Note that the peaks of the complex Q are different 

from those of the group delay. According to [2], lower phase 

noise can be obtained for oscillation at the complex Q factor 

peaks than at the group delay peaks. Two oscillators are built at 

the complex Q peak and the group delay peak, respectively, and 

compared. They oscillate at 2.925 GHz and 3.062 GHz, 

respectively. Substitution of (1) into (5) yields the gain and 

phase response of the open-loop, as illustrated in Fig. 3(c). Note 

that the length of the TL is chosen to fulfil the loop phase of 0° 

or multiple of 360°. The loop gain of the oscillator should be 

greater than unity [2]. The loop phase and the corresponding TL 

electrical length can be obtained to be 1.77π and 1.08π, 

respectively.  

III. FABRICATION AND MEASUREMENTS 

Two filter-oscillators are fabricated on RO4003 substrate 

with a thickness of 0.508 mm and a dielectric constant of 3.38. 

Fig. 3(e) and (f) show the photographs of the manufactured 

oscillators. The output power measured at 3.15 GHz and 2.91 

GHz are 4.4 dBm and 4.5 dBm after calibrating the cable and 

bias tee. The consumed DC power is 21 mW for both oscillators， 

corresponding to an efficiency of 13.2% and 13.5%, 

respectively. As shown in Fig. 3(d), the measured phase noises 

are -109 dBc/Hz and -132 dBc/Hz at 100 kHz and 1 MHz offset 

at group delay peak; -121 dBc/Hz and -145 dBc/Hz at Qsc peak. 

The performances compared with other reported filter-

oscillators are summarized in Table I. The oscillator operating 

at the Qsc peak frequency achieves a 12 dB lower phase-noise, 

and this validates the integrated filter-oscillators design 

methodology using the coupling matrix technique. 

IV. CONCLUSION 

This letter presents a novel co-design method for filter-

oscillators using a unified N+4 coupling matrix. All the key 

performance parameters, such as the complex quality factor, 

group delay, loop gain, and phase responses, can be calculated 

and predicted using the coupling matrix. As in the synthesis of 

conventional filters, it also facilities the construction and 

dimensioning of the filter-oscillator circuits, which can be used 

to improve design efficiencies for similar integrated circuits 

using a streamlined procedure. This coupling matrix based co-

design technique is expected to be applied in many multi-

functional microwave devices and systems. 

 
Fig. 3. Responses calculated using the coupling matrix: (a) S-parameters of the filter; (b) Complex Q-factor and group delay; (c) Loop gain and phase. (d) Measured 

phase noises of two oscillators designed at the Qsc-peak and group-delay-peak. Photos of the oscillator at (e) 2.91 GHz (Qsc-peak) and (f) 3.15 GHz (group-delay-

peak). 

 TABLE I 

SUMMARY OF THE RECENTLY REPORTED FILTER-OSCILLATORS 

Ref. BW  
(GHz) 

f0 
(GHz) 

PDC 

(mW) 
Eff. 
(%) 

Phase Noise 
(dBc/Hz@1MHz) 

[1] n/a 8.05 22 10 -143.5 

[2] 1.3-2.28 2.05 20 14.8 -148.3 

[3] 1.45-2.45 2.05 6.1 35.9 −150.4 
[12] 37.6-38.1 37.8 129.9 8.56 -112.3 

[13] 2.45-2.46 2.46 24 14.1 -147 

[14] n/a 10.178 13.6 5.4 -135.4 
[15] n/a 2.004 45 18.4 -144.97 

This 

work 

n/a 3.15 21 13.2 -145 

n/a 2.91 21 13.5 -132 
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