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Microwave Phase Detectors for PSK ~
Demodulators

GERHARD OHM AND MICHAEL ALBERTY

A bstract— The simplest circuits for microwave phase detectors and their

operation are described. Approximate analytical expressions for the output

characteristic of the various circuits are given. Accurate prediction of

detector performance is achieved with a large-signal nonlinear analysis

using simultaneously the time- and frequency-domain approach.

Applying the theory developed, the effects which cause deformation of

the detector characteristic are investigated. Results of practical circuits

operating in the 14-GHz range are given and compared with regard to

phase-demodulator applications. A low-level phase detector is presented

which permits 20-dB level Yariation with less than 2° phase error.

I. INTRODUCTION

PHASE DETECTORS are widely used in phase demod-

ulators, phase-locked loops, and phase- measuring

equipment. In these applications, phase detection is usually

performed at relatively low frequencies, and frequently

after downconversion of the original high-frequency signal.

Phase detection directly performed at microwave frequen-

cies would, in many cases, lead to a reduction in hardware

complexity. This is of particular interest for future com-

munication systems using digital transmission in connec-

tion with phase-shift keying (PSK).

Up to now, there has been lack of literature on micro-

wave phase detectors. The only papers existing particularly

on this subject [1], [2] are from one author. In these papers,

phase detection is considered as a mixing process, which

eventually leads to some false conclusions.

The present paper describes the simplest circuits for

microwave phase detectors and their principle of operation.

It is shown that phase detection should be considered as

peak detection rather than as a mixing process. Using

simplified assumptions, analytical expressions for the out-

put characteristic of phase detectors are derived. In order

to investigate phase detectors theoretically in more detail,

an accurate nonlinear analysis has been applied.

The computer-aided numerical analysis is carried out

using simultaneously the time-domain and the frequency-

domain approach. For this purpose, the circuit is divided

into a linear and a nonlinear part. The linear part consist-

ing of the driving-signal sources, a transmission-line net-

work, and the linear elements of the diode equivalent
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circuit is treated in the frequency domain, whereas the

remaining nonlinear diode elements are treated in the time

domain. The solution is obtained iteratively by matching

the voltage waveforms at the boundaries between the linear

and the nonlinear circuit parts.

Using the analytical expressions and the nonlinear anal-

ysis, the origins of deviations from the ideal detector

characteristic are investigated. The results show the crucial

points in phase-detector design.

Finally, experimental results of two different detector

circuits are given and compared to the theory developed

here. The circuits are also compared with respect to their

practical application in PSK demodulators.

11. SIMPLE DETECTOR CIRCUITS AND THEIR

OPERATION

A phase detector compares the phases of two periodic

signals of the same frequency and delivers a voltage which

is a measure of the phase difference between the signals.

This function is accomplished by transferring the phase

difference into an amplitude clifference or variation and

measuring the amplitude by peak detection. Any mixer

with a de-coupled output port performs this function,

however, the output characteristics obtained can be quite

different.

Fig. 1 shows the three simplest circuits for phase detec-

tors. In circuit (a), the two signals are simply added and

rectified. Under the assumption of an ideal diode and a

properly chosen RC network, the output voltage V. is

equal to the peak value of the RF voltage V~ applied to the

diode. Thus the output voltage is given by

J?o=/~v,21em 9+lv212) (1)

where VII and V12 denote the phasors of the input voltages

and q their phase difference. If the input signals are of the
same amplitude IVIII= IV12I= IVI 1, (1) reduces to

vo=2~lv,l Cos(; ) (2)

which leads to the detector characteristic shown in Fig.

l(a). Since circuit (a) delivers only a voltage of one polarity

and reaches a zero voltage solely with equal input ampli-

tudes it is unsuitable for most phase detector applications.

Circuit (b) in Fig. 1 uses two diodes, and the difference

of the rectified voltages is taken for the output. Before

rectification, the signals are superimposed in a 3-dB hy-
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Fig. 2. Vector diagram of phase detector with 90° hybrid coupler,

brid. In case of a 90° hybrid, the RF voltages of the diodes

become

P-D,= l/&(~l –jlf2)

vD2=l/@(–j~, +fi2) (3)

where an ideal circuit and matched diodes are assumed.

Fig. 2 illustrates how the hybrid transfers the phase dif-

ference between the input signals into an amplitude dif-

ference between the diode voltages. Assuming ideal peak

detection, the output voltage V.= @(l V~l I – IV~z 1) is ob-

tained from (3) as

-~lfi,12+lV1212 -2/VIl/lfi,lsin~. (4)

For equal input amplitudes IVIII= IV12I = IVI 1, (4) reduces

to

This detector characteristic is also shown in Fig. 1. The

sharp peaks of the response at q= w/2 and q= 3T/2 are

rounded if a difference occurs between the input ampli-

tudes. If one input signal strongly dominates, e.g., IVIZ I>>

I fi, 1, (4) can be approximated by

Vo=21VIllsinq. (6)

The sinusoidal response (6), which is also given in [3], is

often referred to as the ideal phase detector characteristic.

It should be emphasized, however, that the sinusoidal

characteristic is only obtained for a large-level difference at

the input.

Circuit (c) in Fig. 1 is commonly used for single bal-

anced mixers. In contrast to circuit (b), the output voltage

is not simply given by the difference between the diode

voltages, since, at any phase angle, one of the diodes

temporarily discharges the capacitor. Assuming that the

current in the output resistor 10= V./R is negligible com-

pared to the diode currents, one can obtain implicit tran-

scendental equations between V& V~l, and V~2. These

equations are well approximated by

~ =&(lvD11_,vD21) JLJ\
0= for O.318< ,V~,l <3.149

(7)

and

~=0.217fi

{

lvDIl~ for lvD21s0.3WVDl[

‘IVD21, IVD, I<0.3181VD21. ‘8)

Using (3), the response of circuit (c) can be calculated from

(7) and (8).

For equal input amplitudes IVII [ = IV12I= IVI 1, the equa-

tions simplify to

V=EIVI
o -y W-=a==i’) (9)

for –54.8°<q–n 180 °<54.80 (n=0,1,20 . .) and

{

-,
VO=0.217~l Jjl

“w>

–35.2°<cp- (4n+l)900<35.20
for

–35.2°<q–(4n– 1)900 <35.20.
(lo)

The flat top of this response (Fig. l(c)) is in practice only

observed if one approaches ideal peak detection which can

be the case, for instance, with high-level input signalsl

If one input signal is large compared to the other signal,

again a sinusoidal response is achieved. In the case where

I~z I>> IVI, 1,for instance, (9) and (10) reduce to

(11)

Thus alsd for a large input-level difference, circuit (c)

delivers a lower output voltage than circuit (b).

In circuits (c) and (b) of Fig. 1, 90° hybrids are used.

However, 180° hybrids can also be employed. Then the

output characteristic is simply obtained by replacing sin rp

in the above equations by cos rp.
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The circuits described above represent the simplest

arrangements for phase detectors. More complicated cir-

cuits with four diodes, as used for double-balanced mixers,

can also serve as phase detectors. However, in general, they

have no advantage over the simple ones.

Since phase detection is based on peak detection, there is

no need for a high-level signal to turn on the diodes as it is

the case with the local-oscillator signal in a mixer. On the

contrary, for reasons to be discussed later, it is advanta-

geous to operate phase detectors with equal signal levels.

111. LARGE-SIGNAL ANALYSIS

The analytical expressions for the phase-detector char-

acteristics in Section II have been derived assuming ideal

circuits, matched diodes, and ideal peak detection. In prac-

tice, however, considerable deviation from these assump-

tions may occur. For instance, at low input level, the

rectification can be far from peak detection because of the

diode threshold voltage. Other effects which prevent ideal

peak detection are the finite forward current, the parasitic

elements of the package, and the finite load resistance.

Whereas real circuit parameters and diode mismatch can

be considered by extending the analytical expressions of

Section II, the real rectification process in the diodes can

be only treated with a large-signal nonlinear analysis.

Therefore, the following large-signal analysis has been ap-

plied allowing, in particular, consideration of real and

different diode characteristics.

The Schottky-barrier diodes used are characterized by

the equivalent circuit illustrated in Fig. 3. LP, CP, and LB

represent the diode package including the bond wires,

whereas the diode chip is described by a series resistor R~,

a junction capacitance C“, and a barrier resistance R ~. The

voltage dependence of R ~ is expressed by the well-known

current– voltage relationship

i=i,[exp(ao)– 1]. (12)

The saturation current i, and the slope factor of the current

a are determined from the v–i curve of the actual diodes

measured at dc. For the remaining elements, data given by

the diode manufacturers have been used. The data used in

the analysis are listed in Table I and apply to a micro-pill

package.

The voltage dependence of the junction capacitance C’,

is neglected since it has only minor influence on the

detector characteristic. However, the method of analysis

described here is not restricted to one nonlinear element. It

can be easily extended to consider the voltage dependence

of the junction capacitance and the series resistance as

well.

In order to solve the nonlinear problem, the phase

detector equivalent circuit of Fig. 4(a) is divided into a

linear and a nonlinear part (Fig. 4(b)). The linear part

consists of the coupling network, which includes, e.g., a

3-dB hybrid and transmission lines, the internal im-

pedances of the signal sources, and all voltage-independent

elements of the diode equivalent circuits. For convenience,

the voltage sources e~ and eq are substituted by the corre-

s~ondirw current sources i, and i.. With the simriified

LP ‘B

m%

CP

CJ ‘B

I v, 1

I=IS [exp[a Vi-ii

Fig. 3. Simplified equivalent circuit of a packaged Schottky-barrier
diode.
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Fig. 4. Equwlent circuit of phase detector. (a) Generaf circuit config-
uration. (b) Schematic for large-signal analysis.

TABLE I
DIODE DATA

OIODE TYPE A B

PACKAGE INCIJCTANCE I LP 02nH 02n H

I PACKAGE CAPACITANCE I CD I 014PFI014PF I

I SLOPE FACTOR I a 132/V 132/V I

diode equivalent circuit of Fig. 3, the nonlinear part con-

sists only of the two diode barrier resistances.

While the linear circuit part is most easily described in

the frequency domain, the nonlinear part is more conveni-

ently considered in the time domain. Thus the diode cur-

rents indicated in Fig. 4(b) are expressed as

im(t)=–im$[eXp( amr2m(~)-l]j m=l,2. (13)

The remaining linear circuit can be characterized for one

frequency by its impedance matrix Z. However, the linear

circuit is driven by a harmonic spectrum with frequencies

kti generated in the nonlinear part by the signal frequency

a. Thus k impedance matrices Zk have to be determined

according to the number of harmonics considered in the

analysis. For the matrix elements z~~~, explicit equations

could be derived, however, it is more convenient to de-

termine the elements with the aid of a computer program.

Since the voltazes at ~orts 3 and 4 are of no interest. onlv
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the matrix elements z~~k with m= 1,2 have to be com-

puted.

The voltages Ore(t) and the currents zJt) at ports 1 and

2 can be expressed in terms of Fourier coefficients as

UJ

o~(t) = ~ V~~eJk”l, V~~ = V;-k (14)
kn–~

i~(t ) = ~ I~~eJkWt, I~k =I;_k (15)
kz–m

where m indicates the ports and k= O, & 1, &2, o“ “ the

harmonics of the input frequency W,

While om(t)and iJt) form= 1,2 are related by (13), the

relationship between the Fourier Coefficients Vmk and ~~k

is given by the Zk matrices as

Vk ‘z#k. (16)

For example, T’lk is obtained from (16) as

V,k ‘Z,lk~,k +z,~~~~k +z,~~~k +z,~k~~k. (17)

The Fourier coefficients llK and 12~ are calculated from

the currents ii(t) and i2(t), by

(18)

13k and 14~ represent the currents impressed by the input

signals. In the case of sinusoidal input signals, which is

considered here, 13k = 14k = O for k #& 1.

The desired output voltage V. of the phase detectors is

determined from the dc components of (18) 110 and 120.

With the load resistances indicated in Fig. 1 one obtaines

Vo= –l,oR, +120R2 (19)

for circuit (b); and

V-=(–I,0+120)R (20)

for circuit (c).

The solution of the problem is now found by matching

the Fourier coefficients of the voltages at the boundaries

between the linear and the nonlinear circuit part, that

means at ports 1 and 2. The matching is performed in an

iterative process, starting with an assumed set of coeffi-

cients V~k. Using (14) and (13), one obtains the currents

i~( t ) from which the Fourier coefficients I~k are calculated

by (18).

Substituting these coefficients in (16) delivers the Four-

ier coefficients V~k which are then compared with tl

initial values. The improved VdUW for Vmk are Calculat(

from the difference between the initial values and the new

ones using special weighting factors to force rapid conver-

gence. The computation is repeated until the differences

between the coefficients Vmk of step n and n+ 1 vanish.

The convergence depends on the circuit elements, partic-

ularly on the diode current– voltage characteristic, and on

the number of harmonics k taken into account. It was

found that higher harmonics than k= 2 are so small that

they have only little influence on the detector characteris-

tic. Therefore, the computations were performed with [k I
<3 where rapidconvergencecould be achieved.

Results obtained with the nonlinear analysis described

here are given in the following sections. A comparison with

measured detector characteristics (Figs. 8 and 9) demon-

strates that this analysis allows accurate prediction of

phase-detector performance.

IV. SOURCESOF CHARACTERISTIC DEFORMATION

Before considering deviations from the ideal, let us de-

fine the ideal response. We call a phase-detector character-

istic ideal if it is symmetrical to its zero crossings and its

maxima and minima, respectively. Apart from this, the

shape is not considered since even in an ideal circuit it

depends on the element values and the input levels, partic-

ularly on the level difference.

In PSK demodulators, where the phase detectors are

followed by hard limiting amplifiers, the shape of the

detector characteristic has minor influence on the demodu-

lator performance. Equidistant zero crossings are im-

portant to obtain low bit error rates. However, the effects

which deform the shape of the characteristic in general also

cause an unequal zero crossing shift.

As will be shown in the following, a deformation of the

characteristic results either from circuit or diode imbal-

ance.

A. Circuit Imbalance

In practice, circuit imbalance will be mainly caused by

the input coupler. Due to imperfect dimensions and un-

desired stray fields, for instance, a 3-dB coupler shows

finite isolation between the input ports, nonuniform power

splitting, and nonideal phase shift. In general, these effects

are not independent of each other. However, for simplicity,

let us consider their influence on the detector characteristic

separately.

The effects of circuit imbalance can be studied by mod-

ifying (3). Typical results obtained are shown in Fig. 5, and

are discussed below.

1) Finite Isolation: The effect of finite isolation between

the input signals on the detector characteristic can be easily

understood from the vector diagram shown in Fig. 6. Both

input voltages are mutually varied resulting in effective

voltages which differ in phase and amplitude from the

original ones.

Depending on the phase angles of the error vectors E12

and E21, the detector characteristic can become asymmetri-

cal with respect to the zero crossings and to the maxima

(curves b and c, respectively, in Fig. 5). It is apparent from

Fig. 6 that the characteristic deformation increases with the

level difference of the input signals.

2) Nonuniform Power Splitting: In case of amplitude

imbalance, the detector characteristic remains symmetrical

with respect to the maxima but not to the zero crossings

(curve b, Fig. 5). By shifting the characteristic with an

external offset voltage one can obtain equidistant zero

crossings, however, the response is still asymmetrical. For

equal input levels, no asymmetry occurs if the couplers

amplitude imbalance is the same for both signals.

3) Nonideal Phase Shift: In an imperfect hybrid coupler,

the phase difference between the output signals may differ
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Fig. 5. Ideal detector characteristic(a) and typical deviations (b, c).

Fig. 6. Vector diagram showing the effect of interfering input signafs.
Phasedeviation: Aq =@ – q.

from the ideal value of 90°. Such a deviation causes the

maxima and minima to shift but the characteristic remains

symmetrical to the zero crossings (curve c, Fig. 5), Since

the zero crossings are not affected, phase imbalance in the

phase detector has virtually no effect on the performance

of a PSK demodulator.

B. Diode Imbalance

Variation of the diode data may be caused by different

packaging or different chip performances. Whereas packag-

ing influences only the reflection coefficient, the voltage–

current relationship affects both the reflection coefficient

and the rectification process. In the following subsection,

we consider these effects separately according to their

origins.

1) Different Reji’ection Coefficients: For a diode with the
reflection coefficient r~, the voltage V~ of the incident

wave is changed to

vD’=vD(l+rD). (21)

Depending on the phase angle of r~ the diode voltage is

increased or decreased by reflection.

It is obvious that for equal reflection coefficients 17~1=

17~z signal reflection does not alter the shape of the detec-

tor response but scales it up or down. In practice, however,

the reflection coefficients depend on the diode voltages

which vary with the phase difference between a maximum

and a minimum value as shown in Fig. 2. If the reflection

coefficients have the same voltage dependence r~l( V~l ) =

17~z(V~z) the shape is changed but the characteristic re-

mains ideal.

Different reflection coefficients result in an asymmetry

with respect to the zero crossings (curve b, Fig. 5).

2) Dijjferent Voltage-Current Characteristics: The effect

of different voltage– current characteristics can be com-

pletely described only with the nonlinear analysis of Sec-

tion III. Fig. 7 shows results obtained with that analysis for

unlike zero-bias diodes in the circuit arrangement of Fig.

1(b). The diodes are assumed to differ in their active chip

area by 65 percent, which implies a corresponding dif-

ference in i,, R,, and CJ. This difference leads to a detector

characteristic asymmetrical with respect to its zero cross-

ings. The zero crossings shift is, however, almost inde-

pendent of input-level variation. A similar performance

degradation to that shown in Fig. 7 takes place if the

voltage– current characteristics undergo relative changes to

each other with temperature. It should be noted, however,

that no zero crossing shift occurs if the temperature depen-



OHM AND ALBERTY: PHASE DETECTORS FOR PSK DEMODULATORS 729

INPUT LEVEL .

,- ‘,

I /’OdSm\/ j,

I
I

Fig. 7. Computed output characteristicof aphasedetectorwith zero-bias
Schottky diodesof equal and different chip area,respectively.Circuit of
Fig. l(b), R,= R ~ = 250 Q, equal input levels.PI, =p12 =pl, f= 14.25
GHz. — : eauaf diodes. ---: chi~ areaof diode 1 is 65 percent of the
chip areaof di;de 2.
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;
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dence of the voltage– current characteristic is the same for d

both diodes.

V. PERFORMANCE OF PRACTICAL CIRCUITS >0

The phase detectors described in this section have been ~

built to demonstrate their suitability for use in a differen- 9 m

tial PSK demodulator which is to be used in a regenerative ~

satellite repeater. ”The design goals for the demodulator, ~

and thus for the phase detectors, were: low input power,
PHASE DIFFERENCE w (DEG I

high dynamic range, and high phase accuracy. The circuits

have been realized in rnicrostrip technique with 3-dB ring 0 0 90 1s0

hybrids, and cover the satellite band from 14.0 to 14.5

GHz.

Fig. 8 shows the output characteristic of a phase detector

with low-barrier silicon Schottky diodes connected together

at one side (circuit in Fig. 1(c)). The measured curves are in 4W

good agreement with the theoretical ones obtained with the

nonlinear analysis of Section III. The zero crossings are

equidistant and show virtually no shift with input-level

variation from 10 to O dBm. At lower and higher input

level, the phase error, that is the deviation of the zero ‘m

crossings from the ideal values, exceeds 2°. In order to ‘ig 8 Measured and computed output characteristicof a phasedetec-

achieve lower input-level operation, zero-bias Schottky di-
tor with low-barrier Schottky diodes. Circuit of Fig. l(c), R= 50 Q,
equa] input levelsPT,=P,2 =pI, f= 14.25GHz. — : measured. ---:

odes with vanishing threshold voltage have been inserted. computed.
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10&m

PHASE DIFFERENCE w (DEGJ

60 120 180

Fig. 9. Measured and computed output characteristic of a phasedetec-
tor with zero-bias Schottky diodes. Circuit of Fig. l(b), RI= 50 ~,
Rz =48.6 Q equat input levels PI, =p12 =pl, f= 14.25 GHz. — :
measured;---: computed.

Fig. 10. Phasedetector on fused silica substrate for the 14.0- 14.5-GHz
band with matchedzero-biasSchottky diodes.

However, duetothe large variation inthe current-voltage

characteristics, which is typical for these diodes, phase

errors of more than 10° occurred. Zero-bias diodes are thus

not suitable for phase detectors with the circuit arrange-

mentof Fig. l(c).

Inthe detector circuit of Fig. l(b), the imbalance of the

diode characteristics and in the circuit can be compensated

by means of the output resistances R, and R2. Selecting

different values for R ~ and R ~ one can easily shift the zero

crossings. Fig. 9 shows the output characteristic of a phase

detector (circuit of Fig. l(b)) with silicon zero-bias Schot-

tky diodes. The measured curves are in excellent agreement

INPUT
LEVEL =

PHASE DIFFERENCE fv (DEG 1

90 Isa

Fig. 11. Measuredoutput characteristicof the phasedetector of Fig. 10
with matched zero-bias Schottkv diodes. Circuit of Fiz. 1(b). R, =250
Q, R ~ =205 Q, equal input leve~spll =p12 =pl, f = 14.15 G&. ‘

with the calculated ones. Equidistant zero crossings are

obtained by choosing slightly different output resistances.

The phase error remains below 2° for 20-dB level variation.

At – 10-dBm input level, the detector still delivers suffi-

cient output voltage with low phase error.

The detector sensivity can be further increased by

matching the diodes and utilizing higher output resistances.

Fig. 10 shows a photograph of a phase detector (circuit of

Fig. l(b)) with matched zero-bias diodes, realized on a

fused silica substrate. Its measured output characteristic

for 250-Q load resistances is plotted in Fig. 11. The detec-

tor operates down to – 20-dBm input level with high phase

accuracy. For level variation from O to —20 dBm, the

phase error does not exceed 2°. In the level range from O to

– 10 dBm, the phase error remains below 10 at room

temperature, and below 2° for temperatures between 10

and 40° C. Varying the frequency from 14.0 to 14.5 GHz,

an additional phase error of 2° occurs. However, at any

frequency within that band, the phase detector can be

adjusted to zero phase error for a given input level. The

adjustment is simply performed by varying the load resis-

tances. The return loss in the 500-MHz band is higher than

20 dB.

Fig. 12 gives a comparison between the measured output

voltages of the phase detectors with the characteristics

shown in Figs. 8 and 11, respectively. The maximum
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ii-

output voltages are plotted against the input power for

different load resistances. This comparison demonstrates

the higher output efficiency of the phase detector with

separate diodes. It should be mentioned, however, that the
g

!5

$100-
X

2

lo-

1 1
-xl -10 0 10

INPUT POWER (dBm ]

(a)

/

-xl -lo 0

INPuT POWER ( dBm 1
(b)

es~entially higher output voltage at low levels is mainly due

to the use of zero-bias diodes.

Besides higher sensivity and the possibility of imbalance

compensation, the phase detector with separate diodes has

the advantage of a symmetrical output. This is of particular

importance for PSK demodulators, since it allows direct

connection to the following de-coupled differential ampli-

fier.

VI. CONCLUSION AND SUMMARY

The simplest circuits for microwave phase detection and

their principles of operation have been described. Ap-

proximate analytical expressions for the output characteris-

tic of various phase detectors could be derived allowing

comparison of their fundamental features. Exact predic-

tion of phase-detector performance with a large-signal non-

linear analysis has been demonstrated. For the analysis, the

circuit has been divided into a linear part treated in the

frequency domain and a nonlinear part treated in the time

domain.

With the aid of the theory developed all effects that may

cause deformation of the detector characteristic have been

covered. It has been shown that characteristic deformation

results either from circuit or diode imbalance, and that

minimum distortion is achieved for equal input levels.

The performances of practical circuits have been com-

pared with respect to their implementation in PSK demod-

ulators. The single-balanced arrangement with separate

diodes was found to be best suited. It has been demon-

strated how accurate phase detectors, which operate at low

input levels with a high dynamic range, can be built.
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Fig. 12. Maximum output voltage of phase d.ete~tors. ~11=pr2 =pr,

f= 14.25 GHz. (a) Zero-bias Schottky diodes, cn-cmt of Fig. l(b), (Fig.
[2]

11). (b) Low-barrier Schottky diodes, circuit of Fig. l(c), (Fig. 8). [3]
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