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M. Schühler, C. Schmidt, J. Weber, R. Wansch, and M. A. Hein

Phase Shifters based on PIN-Diodes and Varactors: Two Con-

cepts by Comparison

ABSTRACT

The emphasis of this paper is on the comparison between two diode-based phase

shifters. First, a 4-bit 360◦ switched-line phase shifter is manufactured using pin-diodes

as switching devices. Thereafter, a 360◦ hybrid-coupled reflection-type phase shifter

is implemented using varactor diodes as variable reactances. It will be shown that the

hybrid-coupled phase shifter is a good alternative to the switched-line phase shifter.

The comparison of the two investigated phase shifters considers typical criteria like

control power, quality factor and third order intercept point among others. The exami-

nations were performed in the 2.4-GHz ISM-Band.

I. INTRODUCTION

Modern radio communication systems should provide optimal transmitting and receiv-

ing properties for an improved utilisation of transmission channels. Focussing on the

antennas, this requires electronically steerable radio patterns, which can be achieved

using phased array antennas. A fundamental part of phased array antennas are the

phase shifters. The phase shifters determine the differential signal phase shift of each

antenna or antenna subgroup.

Phase shifters based on diodes are well known in literature. One of the most impor-

tant is the “switched-line phase shifter” [1], where the phase shift corresponds to the

length difference between two switched transmission lines. The switching procedure

is obtained by changing the bias point of a pin-diode from forward to reverse direction

and vice versa. Using this method, the phase shift can be controlled digitally, hence no

digital-to-analog conversion is required.

Another type of phase shifter uses common pn-diodes, which act as variable re-

actances (varactors). The actual phase shift results from the signal reflection at a

varactor terminated transmission line [2]. The separation of the incoming and the re-

flected signal is provided by a hybrid coupler, hence this type of phase shifter is called

“hybrid-coupled reflection-type phase shifter” (HCRT phase shifter).

The paper focusses on the comparison of the two investigated phase shifters in



terms of practical criteria such as control power, phase accuracy, quality factor and

third order intercept point. It will be shown that the hybrid-coupled reflection-type phase

shifter is an excellent alternative to the switched-line device. At first, the fundamentals

and the design processes of the two prepared circuits will be presented followed by the

evaluation of the simulation and measurement results.

II. SWITCHED-LINE PHASE SHIFTER

A. Principle

A simplified schematic of a switched-line phase shifter section is shown in Fig. 1 [2].

In switching state “1” the upper path is isolated and the incoming signal passes the
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Figure 1: Schematic of the n-th section of a switched-line phase shifter: On the left side the switches
are in series, on the right side in shunt configuration. The characteristic wave impedance of
the transmission lines is equal to the source and load impedance.

lower transmission line. After changing the switching state to “2” the upper path will

be passed and the lower path is isolated. The length difference ∆ln = ln − l of the

two paths results in a differential phase shift of the n-th switched-line section, which is

given by

ψn = kc ∆ln . (1)

In (1) kc is the phase propagation constant of the transmission line at the center fre-

quency, fc.

Due to the finite isolation of switches in practice, the lengths of the transmission

lines have to be choosen carefully. In case of electrical lengths of nπ (n ∈ Z) resonance

effects can occur, which result in a large insertion loss and large phase errors [1]. As

recommended by Garver [1], the electrical length of the reference line should be in the

range between 20◦ and 50◦ to prevent resonance effects. For the prepared switched-

line phase shifter l is choosen within this range. Using this length and the desired total



phase shift Ψ̂, the lengths of the transmission lines of a switched-line phase shifter with

a resolution of N bit are given by

ln = l +
1

kc

Ψ̂

2N−n
, n = 0, 1, ... N − 1 . (2)

B. Implementation

In general, pin-diodes act as single-pole single-throw switches (SPST), so per switched-

line section four diodes are required (two at each branching point). If the used diodes1

are mounted as shunt devices, as shown in the right picture of Fig. 1, the isolation

of the off-path is approximately 6 dB larger in contrast to the configuration with series

switches (left picture of Fig. 1). Therefore, at the manufactured switched-line phase

shifter, the pin-diodes were mounted as shunt switches each coupled by a 90◦ trans-

mission line to the branching point (see Fig. 2). Note, to dimension this line the phase

offset of the forward-biased pin-diode, which is mainly caused by the lead inductance,

has to be considered to provide a sufficient transformation between ground and the

branching point.

RF choke

RF choke

D1 D2

D3D4

l/2
l/2

l/2
l/2

ln/2ln/2

90◦

90◦90◦

90◦

port 1 port 2

−UR
IF

Figure 2: Schematic of a switched-line section using pin-diodes in shunt configuration: If the diodes D1

and D2 are forward biased (bias current IF ), then D3 and D4 are biased in reverse direction
(reverse voltage UR ≥ 0) and vice versa. The characteristic wave impedance of the transmis-
sion lines is matched to the source and load impedance. The capacities act as DC blocks.
The RF chokes decouple the RF signal from the DC source.

1BAR89 from Infineon



In addition to the RF part, a TTL compatible driver circuit as proposed by White [3]

was implemented to bias the pin-diodes. In forward direction, the diodes are fed with a

current of 10 mA. In reverse direction, the diodes are biased by a reverse voltage of 5 V.

At each switched-line section, two driver circuits are used to bias two diodes in forward

and two in reverse direction, respectively. Because a resolution of 4 bit was aimed for

the switched-line phase shifter, overall sixteen pin-diodes and, thus, eight drivers are

required. To decouple the driver circuits from the RF signal, distributed bandstop filters

were implemented.

The switched-line phase shifter was built on a 0.51 mm thick FR-4 substrate with a

relative permittivity of εr = 4.34.

C. Measurement Results

S-Parameters: The scattering parameters of the prepared switched-line phase shifter

were taken between 2.30 and 2.60 GHz using a vector network analyser. Fig. 3 shows

on the left side the measured phase constellation of the 4-bit switched-line phase shifter

at 2.45 GHz. The largest insertion loss of 6.5 dB corresponds to the largest possible
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Figure 3: Measured phase constellation (left) and phase error (right) of the switched-line phase shifter
at 2.45 GHz; the reference point (ψn = 0◦) is indicated by the binary word “0000”.

phase shift, because in this case the signal passes the longest path. The value of

6.5 dB is nearly 2.0 dB larger compared to the foregoing simulation. This is mainly

caused by the insufficient short-open transformation, because the lead inductance of

the diodes were larger than in the simulation model. Furhermore, a resonance effect

was observed in the 90◦ switched-line section, which could be traced back to the larger

inductance as well. At further measurements the resonance was suppressed manually

by connecting a 50 Ω load to the off-path. Due to the non-ideal short-open transforma-

tion the 10-dB matching bandwidth of (2.46 − 2.42) GHz = 40.0 MHz is quite small in



comparison to the simulation results, where a bandwidth of 1.02 GHz could be reached.

In addition, the maximum phase error of 8.9◦ (see Fig. 3 right) is caused by the insuf-

ficient transformation as well. All these effects could be verified by further simulations,

where an increased lead inductance was included.

As suggested by (1), for a switched-line phase shifter the phase shift depends lin-

early on the frequency. The pin-diode phase shifter shows this behaviour only at fre-

quencies close to 2.45 GHz (see Fig. 4 right). Anyway, the group delay variations of
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Figure 4: Frequency response of the switched-line phase shifter: On the left side the magnitude, |s
21
|,

on the right side the argument, arg{s
21
}, is displayed. Parameter is the nominal phase shift,

ψn. The dashed lines indicate the tangents at 2.45 GHz.

0.54 ns are small within the frequency band of interest. The frequency response of the

magnitude of the forward transmission factor, s
21

, is shown on the left side of Fig. 4.

Looking at the center frequency of 2.45 GHz, the amplitude ripple amounts to 0.9 dB.

Third Order Intercept (TOI): To measure the intermodulation distortions, the phase

shifter was fed by a two-tone signal with a frequency offset of 2.0 MHz. The output

port of the device was connected to a spectrum analyser. The prepared switched-line

phase shifter offers a third order intercept point of 30.8 dBm.

Temperature Dependency: In a further measurement the phase shifter was put into

a climatic chamber to find out how the differential phase shift is influenced by the am-

bient temperature. Fig. 5 shows the measurement result. According to the reference

value at 25◦C, the maximal drift of the differential phase shift is 1.6◦ considering a

temperature range from −25.0◦C to +50.0◦C.
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Figure 5: Differential phase shift at 2.45 GHz as a function of ambient temperature, T , for three different
nominal phases.

III. HYBRID-COUPLED REFLECTION-TYPE PHASE SHIFTER

A. Principle

A simplified schematic of a HCRT phase shifter shows Fig. 6. The incoming signal

is split into two quadrature components with similar magnitude by a 3-dB 90◦ hybrid

coupler. The scattering matrix of the hybrid coupler is defined as

S = − 1√
2





0 0 1 j

0 0 j 1

1 j 0 0

j 1 0 0




. (3)

The outgoing quadrature components at port 3 and 4 are reflected back by the load,

which is ideally a pure reactance denoted by XL, thus the reflection coefficient is given

by

γ
L

=
XL − ZW
XL + ZW

; (4)

incoming wave a
1

outgoing wave b
2

port 1

port 2 port 3

port 4

3-dB 90◦

hybrid
XL

XL

Figure 6: Schematic of the HCRT phase shifter



ZW is the source and load impedance, respectively. The signal reflections correspond

to a phase shift of the quadrature components, which is determined by the argument

of γ
L

arg
{
γ
L

}
= π − 2 arctan

(
XL

ZW

)
. (5)

The reflected waves add up in-phase at port 2 and out-of-phase at port 1, hence the

HCRT phase shifter is matched perfectly. Using (3) and (5), the overall phase shift of

the HCRT phase shifter is given by

arg {s
21
} = ψ = −3

2
π + arg

{
γ
L

}
= −1

2
π − 2 arctan

(
XL

ZW

)
. (6)

B. Reflective Load

The main item of a HCRT phase shifter is the reflective load, which determines the total

phase shift, Ψ̂, the amplitude ripple, and the sensitivity, Sψ (see (11) below). Garver [4],

Tamm [5], and Liew [6] describe the design of reflective networks, which offer a 360◦ to-

tal phase shift. The networks use varactor diodes and quarter-wavelength transformers

among compensating components.

Looking at the HCRT phase shifter built here, the solution proposed by Garver

[4] was implemented as reflective network, which is shown schematically in Fig. 7.

Assuming that the diode can be described as a pure reactance denoted by Xd and the

90◦ 90◦

ZT,1 ZT,2

γ
L
, ZL

D1 D2

Figure 7: Schematic of the reflective load of the HCRT phase shifter

quarter-wavelength transformers are lossless, the load impedance is only reactive as

well; it is given by

ZL = jXL = j
Z2

T,1

Z2

T,2

X2

d − Z2

T,2

Xd

, (7)

where ZT,1 and ZT,2 are the characteristic wave impedance of the quarter-wavelength

transmission lines. Insert (7) in (5), the argument of γ
L

is

arg{γ
L
} = π − 2 arctan

(
Z2

T,1

Z2

T,2

X2

d − Z2

T,2

Xd ZW

)
. (8)



In practice, the reactance of a varactor diode can be written as

Xd(UR) = ω Ls −
1

ω Cd(UR)
, (9)

here Ls is the lead inductance, and Cd stands for the reverse voltage dependent junc-

tion capacitance; the capacitances caused by the package geometry are neglected.

As denoted in (9), Xd is a function of the reverse voltage, UR, applied to the varactor

diode. By varying the reverse voltage, the junction capacitance is changed, and so is

the argument of the reflection coefficient.

To achieve the desired performance of the HCRT phase shifter, the characteristic

impedances ZT,1 and ZT,2 of the quarter-wavelength transformers have to be dimen-

sioned in the right way. They have influences on

• the total phase shift,

• the amplitude ripple,

• the insertion loss,

• and the sensitivity.

To demonstrate how the behaviour of the HCRT phase shifter depends on ZT,1 and

ZT,2, a simulation of the reflective load (see Fig. 7) was accomplished using a model of

the varactor diode “BB833”2. Within the frequency band of interest, this diode has an

inductive reactance at lower reverse voltages due to the lead inductance. By increas-

ing UR the width of the depletion layer increases and, thus, the junction capacitance

decreases. Therefore, at higher reverse voltages the reactance of the varactor diode is

capacitive. The left picture of Fig. 8 shows that the total phase shift increases by de-

creasing ZT,2. Typically total phase shifts of more than 360◦ are not required. Hence,

the value of ZT,2 should not be choosen lower than necessary, because a too small

impedance involves a high insertion loss as can be seen in the right picture of Fig.

8. This is because the small bulk resistance is transferred to a higher value by the

quarter-wavelength transformer. Anyway, to obtain a total phase shift of exactly 360◦,

ZT,2 can be calculated using the expression

ZT,2 =
√
−XL,1XL,2 (10)

where XL,1 andXL,2 describe the diode reactance at zero and maximal reverse voltage,

respectively. Note, (10) is only an approximation, because the real part of the diode

impedance is not included. However, ZT,2 can be well estimated by (10): The value of

36.1 Ω determined using (10) is quite close to the result got by the simulation (see Fig.

8), where a total phase shift of 360◦ is reached for ZT,2 = 37.4 Ω.

2from Infineon
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Figure 8: Total phase shift, Ψ̂, (left) and insertion loss (right) as a function of ZT,2: The simulation was
performed at 2.45 GHz looking at the possible range of the reverse voltage.

Note, to get a real characteristic impedance ZT,2 from (10), the diode reactance

has to switch over from inductive to capacitive behaviour within the possible range of

the reverse voltage. That means, a non-zero lead inductance is useful. If the diode

reactance is only capacitive (at lower frequencies) or inductive (at higher frequencies),

an additional reactive component (typically distributed) is required.

After we have discussed, how the behaviour of the HCRT phase shifter depends on

ZT,2, now the influence of ZT,1 will be considered. On the right side of Fig. 9 it is shown,

that both the sensitivity, which is defined as

Sψ = max
UR

{
dψ

dUR

}
, (11)

and the amplitude ripple changes with ZT,1. As denoted in (11), the sensitivity is the
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maximum of the derivation of the phase shift, ψ, with respect to the reverse voltage,

UR. The smallest sensitivity of 0.03◦/mV is reached for ZT,1 = 35.4 Ω, but the smallest

amplitude ripple of 0.7 dB is attained for ZT,1 = 83.0 Ω. Looking at the HCRT phase

shifter built up here, ZT,1 was optimised with respect to Sψ, because a small sensitivity

involves a large third order intercept point (TOI).

As can be seen in the left picture of Fig. 9, where ψ is displayed as a function of

UR, the total phase shift depends on ZT,1 barely — only the gradient is effected by the

characteristic impedance of the quarter-wavelength transformer.

C. Implementation

Figure 10 shows the schematic of the prepared HCRT phase shifter. To split the in-

ZW
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ZW ZW

ZW/
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2

ZW/
√

2

90◦

90◦

90◦ 90◦

ZT,1

ZT,1

ZT,2

ZT,2

port 1

port 2

RF choke

DC block

DC block

UR

Figure 10: Schematic of the HCRT phase shifter: A branch-line coupler act as 3-dB 90◦ hybrid. The
capacities decouple the RF source and load, respectively, from the DC bias signal applied to
the diodes.

coming signal into two quadrature components a 3-dB 90◦ branch-line coupler was

implemented. The characteristic impedance, ZT,2, of the second quarter-wavelength

transformer was choosen to 35.8 Ω to obtain a total phase shift of 370.0◦. So the de-

sired phase shift of 360.0◦ can be obtained even in case of inaccuracies in fabrication.

The bias voltage is fed over a surface-mount chip inductor, whose resonance fre-

quency is nearly 3.0 GHz and, thus, above the frequency band of interest.

As the switched-line phase shifter (see Section II.B.), the HCRT phase shifter was

built on a 0.51 mm thick FR-4 substrate.

D. Measurement Results

S-Parameters: As for the switched-line phase shifter the scattering parameters of the

HCRT phase shifter have been taken between 2.30 and 2.60 GHz using a vector net-

work analyser. The phase constellation and the argument of the forward transmission
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Figure 11: Measurement results of the HCRT phase shifter at 2.45 GHz: In the left picture the phase
constellation is displayed; on the right side the argument of s
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as a function of reverse volt-

age, UR, is shown. There was linear interpolated between the measurement points (cross-
marked).

factor, s
21

, are shown in Fig. 11. As can be seen on the left side, the insertion loss

varies with the reverse voltage, because besides the junction capacitance the bulk re-

sistance depends also on UR. At UR = 0 V, the insertion loss reaches a maximum of

3.8 dB. By increasing UR the depletion layer of the varactors extends more and more

into the bulk regions. Therefore, the width of the bulk region and, thus, the bulk resis-

tance decreases, and so is the insertion loss. For UR = 28 V the HCRT phase shifter

exhibits the slightest insertion loss of 2.0 dB.

By varying the reverse voltage of the diodes within the possible range from 0 to

28 V, the signal phase can be steered about 368.6◦ (see Fig. 11 right). A value of 360◦

is already reached at UR = 25.0 V. The sensitivity amounts to approximately 0.03 ◦/mV.

Within the frequency band of interest, the argument of s
21

falls nearly linear with

frequency, as can be seen in Fig. 12 right. Hence the average group delay fluctuations

of 0.51 ns are quite small. The frequency response of the magnitude, |s
21
|, is especially

influenced by the hybrid coupler and the quarter-wavelength transformers. Assuming

a constant reverse voltage, the amplitude ripple with respect to frequency is ≤ 0.4 dB

within the considered ISM band (see Fig. 12 left).

Regarding to the input reflection factor, s
11

, a 10-dB matching bandwidth of (2.80 −
2.12) GHz = 0.68 GHz is achieved. This value is 0.16 GHz larger compared to the

result of the foregoing simulation. Looking at the center frequency of 2.45 GHz, the

magnitude of s
11

does not exceed a value of 0.11 (-19.2 dB) about the valid reverse

voltage range.

Third Order Intercept: The measurement of the intermodulation distortions was per-

formed using a spectrum analyser. As in the case of the switched-line phase shifter, the
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HCRT phase shifter was fed by an two-tone signal with a frequency offset of 2.0 MHz.

Because of the non-linear relationship between the phase shift and the reverse voltage

(see Fig. 11 right), the TOI depends on the bias state of the varactors. The largest

distortions occur in the region, where the ψ-UR-diagram shows the maximal gradient.

At this point the TOI of the HCRT phase shifter amounts to 27.9 dBm.

Temperature Dependency: The prepared HCRT phase shifter was also characterised

in a temperature-variant environment. Fig. 13 shows the measured differential phase

shift as a function of ambient temperature for different reverse voltages. Considering a

temperature range from −25.0◦C to +50.0◦C, the maximal drift of the differential phase

shift is 4.0◦ related to the reference measurement at T = 25.0◦C.
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Figure 13: Differential phase shift at 2.45 GHz as a function of ambient temperature, T , for five different
reverse voltages, UR



IV. COMPARISON

In general, with phase shifters both a small insertion loss and a small input reflection

is aspired independent of the implemented concept. Furthermore the total phase shift,

the phase error, and the phase resolution are important parameters of phase shifters.

An important comparable characteristic of phase shifters is the quality factor, Qψ, which

is defined as the maximum phase shift over insertion loss [2]. Fig. 14 shows the

frequency response of Qψ for the two investigated phase shifters. As can be seen in the
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Figure 14: Measured frequency response of the quality factor, Qψ: The dashed vertical lines indicate
the frequency band of interest.

plot, within the frequency band of interest, the HCRT phase shifter offers a much larger

quality factor compared to the switched-line device. Primarily this can be attributed to

a lower insertion loss.

In Table 1 the results of the two manufactured phase shifters are shown. Besides

the above mentioned parameters, the amplitude ripple at 2.45 GHz considering all

phase states, the 10-dB matching bandwidth, the TOI, the group delay variations within

the frequency band of interest, the temperature drift of the differential phase shift at

2.45 GHz, and the required control power are also listed.

For the HCRT phase shifter no phase error can be noted: If the relationship between

the phase shift and the reverse voltage known, the phase shift can be steered with

arbitrary precision. The precision of the switched-line phase shifter is limited by the

area constraints of the circuit, because by increasing the phase resolution the occupied

area increases as well. Anyway, a large phase resolution means small phase shifts for

the lower significant bits and, thus, high accuracy in fabrication of these switched-line

sections is required. Due to the reverse biased varactor diodes the required control

power of the HCRT phase shifter is quite small. On the other hand, in contrast to the

switched-line phase shifter, the amplitude ripple of the HCRT device is larger. This is

caused by the bulk resistance, which varies with the applied reverse voltage. However,



switched-line HCRT phase
comparable criteria phase shifter shifter using

using pin-diodes varactor diodes

total phase shift, Ψ̂ [◦] 360 368.6
phase error [◦] 8.9 —
resolution [Bit] 4 arbitrary

temperature drift [◦] ±1.6 ±4.0
insertion loss [dB] 6.5 3.8

amplitude ripple [dB] 0.9 1.8
maximal input reflection [dB] -12.6 -19.2

10-dB matching bandwidth [GHz] 0.04 0.68
quality factor, Qψ [◦/dB] 55.4 97.0

TOI [dBm] 30.8 27.9
group delay variations [ns] 0.54 0.51

control power [mW] 66.4 ≤ 0.02

Table 1: Comparison of the two investigated phase shifters: Except for the 10-dB matching bandwidth,
the TOI, and the group delay variations, all values are taken at the center frequency of 2.45
GHz. In the case of the switched-line phase shifter, the control power was calculated without
including the small reverse current of the pin-diodes. The forward current of each diode was
limited to 10 mA.

by putting a ohmic resistance parallel to the varactor diodes, the amplitude ripple can

be decreased [4].

In phased arrays the phase shift is typically controlled by digital signals, there-

fore the switched-line phase shifter is well suited — using the HCRT phase shifter a

digital-analog converter is needed. The switched-line phase shifter has a small 10-dB

matching bandwidth compared to the HCRT device. However, this is due to the insuf-

ficient short-open transformation. As verified in additional simulations, it is possible to

achieve a bandwidth, which is much larger than the measured value.3 Since, at the

switched-line phase shifter two pin-diodes per section are forward-biased, the control

power amounts to a large level compared to the HCRT device. Therefore, especially

when implementing the switched-line phase shifter at phased arrays using many an-

tennas, the power requirement has to be considered in the design of the bias source.

In contrast to the HCRT phase shifter the intermodulation distortions are smaller for the

switched-line device: The TOI amounts to a 3-dB higher value.

As can be seen in Table 1 the group delay variations within the frequency band of

interest are minor for both the switched-line and the HCRT phase shifter. Hence, this

parameter is not important for the comparison of the investigated devices. That applies

to the response time, too, which is in the order of nanoseconds for both diode types.

For example, the used pin-diodes offer a minimal response time4 of 0.19 ns.

3If the reference length is choosen carefully, a bandwidth up to one octave is possible for low values
of phase shift [1].

4which is defined as the i-zone width divided by the saturation velocity



V. CONCLUSION

In this paper two diode-based types of phase shifters were characterised and com-

pared among each other. The first type was the well known switched-line phase

shifter using pin-diodes as switching devices. The second type was the hybrid-coupled

reflection-type phase shifter using varactor diodes as tunable reactances.

The principle and the implementation were explained for both devices. Important

design parameters were highlighted. Especially for the HCRT phase shifter we show

that the total phase shift not only depends on the capacitance ratio of the used varactor

diode but on the characteristic impedances of additionally used quarter-wavelength

transformers as well.

The prepared phase shifters were examined with respect to typical parameters such

as insertion loss, input reflection, and third order intercept point. Futhermore the tem-

perature drift of the differential phase shift was determined by measurements using a

climatic chamber.

The main focus of this paper was the comparison of the investigated phase shifters.

Therefore the quality factor was defined as a parameter for comparison. By using the

quality factor different types of phase shifters can be directly compared among each

other. The HCRT phase shifter offers the larger quality factor within the frequency

band of interest. Furthermore the phase accuracy is not limited by the device itself,

because it is an analogue type phase shifter. But that means a digital-analog converter

is required, because in phased arrays the phase shift is typically controlled by digital

signals. Indeed, the TOI of the HCRT phase shifter is nearly 3 dB smaller compared

to the switched-line device, but it is also acceptable for many applications. Especially

notable is the low control power of the HCRT phase shifter, therefore it is well suited in

large arrays using lots of antennas.

Generally the prepared HCRT phase shifter offers several advantages compared to

the switched-line device, making it an attractive alternative for phased array applica-

tions. If high phase resolution in association with compact size and low control power

is desired, the HCRT phase shifter is well suited. In contrast the switched-line phase

shifter allows to control the phase shift by digital signals directly, but a driver circuit is

needed anyway.
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