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In this letter, a rectangular waveguide with tunable negative group delay (NGD) is proposed. Corrugated tantalum nitride (TaN) slow wave structure is used to generate the NGD response. The NGD value and NGD center frequency can be adjusted continuously by the corrugation width and height. The simulation results show that the NGD values of up to -0.7 ns are potentially available. A prototype of the proposed structure is fabricated and measured. The measured results show the fabricated structure is capable of generating up to -0.115 ns group delay at 19.4 to 19.8 GHz which is consistent with simulation predictions. To our best knowledge, this is the first time that the negative time delay has been realized at Ka-band in rectangular waveguide.
Introduction: The negative group delay (NGD) devices have become one of the hot research fields in recent years. The NGD devices can be used to achieve flat group delay response when cascaded with conventional microwave components [1]. And when applied to low profile antenna, the frequency scanning can be restrained and the instantaneous bandwidth can be improved.
Over the years, the NGD devices have been realized by many researchers. However, most existing NGD devices were carried out in low frequency bands such as 1 to 3 GHz and were designed with microstrip line [2-5] or active elements [6,7]. In these researches, the chip resistor was used to construct RLC circuit which is working properly at low frequencies but not in high frequency bands. To our best knowledge, the negative time delay has not been realized at Ka-band in the rectangular waveguide.
In this letter, we present a rectangular waveguide with tunable NGD. The NGD value and NGD center frequency can be tuned continuously by changing the dimensions of the slow wave structure. The equivalent circuit is proposed to analysis the performance of the structure. 
Architecture: Fig. 1 illustrates the architecture of the proposed rectangular waveguide. The structure is excited by a standard WR-42 waveguide to make it compatible with standard measurement system.  mode is excited in the waveguide. The corrugated slow wave structure is made of tantalum nitride (TaN) which is lossy. The conductivity of TaN is 7400 s/m. It can be proved that negative group delay cannot be achieved by just using the lossy transmission line. Therefore, the upper and lower plates of the rectangular waveguide are made of copper.
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Fig 1 Diagrams of the proposed NGD rectangular waveguide:(a) Three-dimensional perspective(b)Photograph of the fabricated structure
Modelling and analysis: The unit cell of the equivalent circuit is shown in Fig. 2. The equation of the propagation constant can be obtained using ABCD transmission matrix technique [8]
                      	            (1)
where β is the propagation constant of  mode in rectangular waveguide, w is the angular frequency, l is the inductance introduced by the corrugated structure which is a short-circuited stub with length less than λ/4, λ is the wave length of   mode in rectangular waveguide, γ is the propagation constant of the unit cell, r and c are the resistance and capacitance introduced by the lossy corrugated structure. It can be deduced that the corrugation height h2 affects l and the corrugation width d influences c and r.


Fig 2 Unit cell of the periodically loaded structure
Because (1) is hard to solve, S21 of unit cell was introduced to simplify the analysis which can be written as
                      	            (2)
where


The derivative of S21 phase with respect to angular frequency and the S21 amplitude can be simplified at resonant frequency of RLC circuit
[bookmark: _Hlk110958453]                     	          (3a)
                     	          (3b)
where  is the resonant frequency and is also the NGD center frequency.
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Fig 3 Simulated group delay for different (a) d (c) h2 and S21 amplitude for different (b) d or (d) h2
Result and discussion: The proposed waveguide was studied with simulation using Ansys HFSS. As shown in Fig. 3, the variation of corrugation height h2 mostly affects the NGD center frequency and the corrugation width d determines the NGD value. Therefore, by properly choosing the corrugation width and height, the NGD value up to -0.7 ns and any NGD center frequency can be achieved.
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Fig 4 Fabricated structure measurement result: (a) group delay (b)S-parameters
A prototype of the proposed structure is fabricated (Fig. 1(b)) and tested with Agilent N5230A network analyzer. The parameters were h2=6mm, d=1.25mm, p=1.5mm. The simulated and measured S21 amplitude and group delay are shown in Fig. 4. The negative group delay of -0.2 ns is achieved which is agreed well with simulation result. 
Conclusion: The negative group delay was realized for rectangular waveguide at Ka-band. The effect of corrugation width and height on the NGD value and the NGD center frequency were studied. It was demonstrated that the NGD value and NGD center frequency can be tuned continuously. A prototype was fabricated and tested. And the measured results were agreed well with simulation result.
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