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Abstract— We present a 50GHz distributed phase shifter on a 

glass substrate realized by periodically loading a coplanar wave 
guide transmission line with varactor diodes. Measurements 
show that for a 180º differential phase shift at 50 GHz, return loss 
is always lower than -18.5 dB and maximum insertion loss is 14 
dB. 
 

Index Terms—Phase shifter, Schottky diode, millimeter wave, 
distributed circuit, true-time delay.  
 

I. INTRODUCTION 
ESPITE many potential applications in home security 

systems, motion sensors, landing detection, imaging 
techniques of civil structures, and medical monitors, the  use 
of integrated radar systems has, so far, been limited by size 
and cost issues [1]. Conventional radar uses beamed and 
reflected microwave energy to detect, locate and track moving 
objects over distances ranging from several meters to many 
kilometers. Electronic beam steering can be realized by an 
array of antennas, each connected to a delay line to 
accomplish a variable phase shift. The integration of phase 
shifters is, therefore, of crucial importance for realization of 
fully integrated radar systems. 

Integrated phase shifters have been mostly realized using 
MEMS [2][3][4] or GaAs diodes [5]. In this work, we report 
on the design, fabrication, and characterization of a distributed 
phase shifter based on a coplanar wave guide built on a glass 
substrate. The line was periodically loaded by varactor 
Schottky diodes realized using a new silicon-on-glass process 
developed at the Delft University of Technology [6][7].  

II. PRINCIPLE OF OPERATION 
A True Time Delay Line (TTDL) is a device which 

generates a given time delay between its input and output RF-
signals, independently of the signal frequency. From this point 
of view, a simple transmission line is a TTDL, but it does not 
allow controlling the delay. In general, we can distinguish 
three TTDL topologies [8]: switched type, reflection type, and 
distributed type. The switched type [9] is based on series-
connection of transmission lines of different length which are 
switched to produce different delays. It has an excellent 
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performance over a large bandwidth but the size of this device 
is its major drawback. Typically this is overcome using folded 
lines with meander or fractal shapes such that the effective 
length is reduced, at the cost of a deteriorated performance. 
The bandwidth is not limited by the dispersion in the line but 
rather by the quality of the switching devices. 

For application where space saving is a major issue, a 
sensible choice is the reflection type [10] which reduces the 
length of the lines by two by taking advantage of the reflected 
wave. From this point of view, the reflection type is rather an 
evolution of the switched type than a completely new 
topology. The performance of this device is limited by the 
switches, but even more significantly by the 3-dB coupler 
needed at the input which will limit the bandwidth of this 
device. This problem is usually addressed using a Lange 
coupler which guarantees an acceptable bandwidth. However, 
this type of design is still not suitable if a wide bandwidth is 
required. 

The aforementioned types both use the “space” to produce a 
change in the “time” while the “velocity” is kept constant. In 
contrast, the distributed type delay lines take advantage of the 
possibility to control the wave velocity, while keeping the 
length of the propagation path constant. This approach is 
obviously most beneficial in terms of space saving but also 
provides a very wide bandwidth. In this type, both the 
“velocity” and the “space” parameters can be modified in 
order to produce different “time” delays. Due to these 
advantages, the distributed type delay line has been the most 
widely studied designs and many results can be found in 
literature, when compared to the switched and the reflection 
types. 

III. DESIGN EQUATIONS 
The distributed type delay line takes advantage of the fact 

that the wave velocity depends on the line distributed 
capacitance value. Consequently, such a design is a 
transmission line whose capacitance per unit length can be 
controlled. 

Let us consider a generic transmission line. It is known that 
we can model the line defining an inductance per unit length 
L0, a resistance per unit length R0, a capacitance per unit 
length C0, and a conductance per unit length G0. From the 
telegrapher equations, the phase velocity and the characteristic 
impedance of a bare (unloaded) transmission line are given by 
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Fig. 1.  Lumped model of small section of transmission line loaded with a 
lumped tunable capacitor. 
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The phase shift of a segment with the length l of the 
transmission line is just 

                                   0Φ =β                                           (3)      
where β0 = w/v0 is the phase constant. 

Now let us periodically load the transmission line with 
lumped voltage-dependent capacitors Cd(V) with a spacing l 

where l << λ. For each section, we can represent the 
transmission line as Fig. 1 where Ll = lL0, Rl = lR0, Cl = l C0, 
and Gl = l G0. The line is then referred to as extrinsic or 
loaded line. The phase velocity, impedance and phase shift are 
given by 
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The difference between the maximum and minimum phase 
shift generated by a segment is then given by  
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Where cmax is the normalized maximum diode capacitance and 
γ is the maximum capacitance tuning ratio: 
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Note that γ depends on the technological process used to build 
tunable capacitors. The number of sections needed to obtain a 
certain phase shift φ is 
 

 
Fig. 2.  (a) Prospective view of a coplanar waveguide; (b) lateral view. 
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When a uniform transmission line is periodically loaded, 
the structure exhibits a Bragg frequency at which the 
reflections add in phase and the transmission through the 
structure is suppressed. The Bragg frequency is given by 
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The minimum Bragg frequency (corresponding to the largest 
value of the tunable capacitor) is then given by 
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Equation (11) indicates that once we have decided the 
minimum Bragg frequency, the lumped capacitor spacing 
becomes a function of the normalized diode capacitance alone. 
Care must be taken to ensure that the minimum Bragg 
frequency is higher than the frequency of interest. The phase 
shift becomes non-linear at around the half of the minimum 
Bragg frequency, so it is common to set the Bragg frequency 
to two times and a half the center band working frequency. 

The last design equation relate the minimum line impedance 
and the normalized diode capacitance 
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In a coplanar structure (Fig. 2) with a feedline width S and 
gap W, the relation between the intrinsic characteristic 
impedance and the geometrical parameters can be found in 
literature [11] 
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where εr,eff is the average of the dielectric constant of the 
substrate and air, ζ0 = 377 Ω is the intrinsic impedance of the 
free space, and K/K’ is the complete elliptical ratio:  
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Fig. 3.  Measured phase shift for a phase shifter with exponential doping 
profile diodes. 
 

 
Fig. 4.  Measured (a) transmitted signal phase, and (b) return loss and insertion 
loss at 50 GHz for a phase shifter with hyper-abrupt doping profile diodes . 

 

IV. EXPERIMENTAL RESULTS 
For Schottky diode manufacturing, a silicon-on-glass 

technology has been developed at the Delft University of 
Technology. This technology yields high quality factor of 
varactor diodes by reducing their series resistance. This is 
achieved through providing a direct contact between the 
metallization and the silicon substrate, with no need for a 
buried layer. For the CPW the signal line and gap width are 
fixed at 50 µm. The glass substrate used has a relative 
permittivity of εr = 6.2.                 

 
Fig. 5.  Measured phase shift for a phase shifter with uniform doping profile 
diodes. 

 

 
Fig. 6.  Measured (a) transmitted signal phase, and (b) return loss and insertion 
loss at 50 GHz for a phase shifter with uniform doping profile diodes . 

 
In the first experiment, diodes were manufactured on a 

hyper-abrupt doping profile. The phase shift (Fig. 3) is highly 
non-linear with frequency (narrow band system) since the 
Bragg frequency has not been fixed far away from the 
working frequency. At 50 GHz, a 180º differential phase shift 
can be achieved sweeping the voltage between 1.1 and 4 V. In 
this voltage range, return loss (Fig. 4) is always lower that -14 
dB. Insertion loss increases as the diode approach the forward 
region, since the diode Q-factor decreases. Maximum 
insertion loss is 5.5 dB (at 1.1 V). A 360º differential phase 
shift can be obtained sweeping the voltage between 0.65 and 4 
V. Maximum return loss is -11 dB and maximum insertion 
loss is 9 dB.  

In the second experiment, diodes were manufactured on a 
uniform doping profile. The phase shift (Fig. 5) of the 
transmission line with both minimum and maximum loading 
diode capacitance is quite linear till the half of the Bragg 
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frequency ( = 125 GHz), thus providing a linear 
differential phase shift. At 50 GHz, a 180

min
Braggf

º differential phase 
shift can be achieved sweeping the voltage between 2 and 15 
V. In this voltage range, return loss (Fig. 6) is always lower 
that -18.5 dB. Insertion loss increases as the diode approach 
the forward region, since diode Q-factor decreases. Maximum 
insertion loss is 14 dB at 2 V. 

 

V. CONCLUSIONS 
Silicon-on-glass (εr = 6.2) Schottky diode tunable coplanar 

phase shifters were designed, fabricated, and characterized. 
The phase shift is linear with the frequency around 50 GHz. 
Good 50 Ω match (return loss lower than -18.5 dB) and 
moderate insertion loss (14 dB) are obtained. 

The factor which limits the phase shifter performance is the 
low diode Q-factor (high losses). In the future, diodes with a 
higher doping concentration will be manufactured, to reach 
higher Q-factors, and thus reduce insertion loss. 
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